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Lactic acid complexes of zirconium are used in a great number of industrial

applications. Among these is their use as crosslinking agents for hydraulic fracturing

fluids used in secondary oil recovery operations. Because of a poor understanding of

zirconium lactate complex chemistry and crosslinking reactions, however, the design of

superior fluid systems is often not guided by sound chemical principles and leads to

empirical guesswork.

Zirconium lactate solutions were characterized using Fourier transform infrared

(FT-IR) spectroscopy, 'H,
13
C, and

17
nuclear magnetic resonance (NMR) spectroscopy,

and potentiometry. The results indicate that lactic acid is coordinated bidentate to

zirconium via the alcohol and carboxylate groups. The average number of lactate ligands



per zirconium ion is approximately 2 and is demonstrated to be relatively constant from

pH 4-9. The lability of the lactate complexes increases as the pH is decreased.

The NMR data reveal that there are both large and small complex molecules

present in solution, with the size of the complex depending on the extent of zirconium

hydrolysis. Large complexes consist of lactic acid coordinated to polynuclear zirconium

hydroxy ions. The molecular size of these complexes is sufficient to hinder their

tumbling in solution and cause broadening of the measured NMR signals. Small

complexes involve lactic acid coordinated to hydroxylated species containing fewer

zirconium ions, such that the rotational motion in solution is sufficiently rapid to result in

narrow NMR signals.

Zirconium lactate complexes were precipitated from solution and analyzed in the

solid state using FT-IR spectroscopy,
13C magic angle spinning (MAS) NMR

spectroscopy, elemental analysis, thermal gravitational analysis, and x-ray diffraction.

Two distinct types of crystalline compounds were synthesized with four lactate ligands

per zirconium ion. The coordination of lactic acid to zirconium is different in the two

compounds, with one showing evidence of at least two distinct lactate environments.

This investigation has shown that the method of preparing a zirconium lactate

solution can significantly affect the nature of the aqueous complex. A new preparation

technique that produces solutions with significantly different properties than those

available commercially has been demonstrated.
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CHAPTER 1

INTRODUCTION AND OVERVIEW OF CHAPTERS

1 . 1 Introduction

Hydroxy carboxylic acids form stable complexes in aqueous solution with

zirconium and these compounds have numerous important applications in industrial

chemistry. As surface modifying agents, they can increase the strength of coatings on

metals or glass [DuP98]. As crosslinking agents in aqueous systems they are used to

improve the properties of many products. The durability and color fastness of water-

based inks and paints [Woo98], the strength of paper products [Flo93], and the tensile

strength of elastomers, for example, can all be improved through crosslinking using

zirconium chelates [DuP98]. Various hydroxy acids are also utilized as effective

sequestering agents for zirconium and other transition metals [Kum47, Hah79]. Lactic

acid is one of the most common simple hydroxy acids used to chelate zirconium for many

of these applications. Zirconium lactate compounds, therefore, are found to have

considerable industrial significance.

A specific crosslinking application with substantial commercial implications is

the viscosity modification of hydraulic fracturing fluids used in secondary oil recovery

operations [Mor95, Moo98, Har99, Bra89, DuP98]. The process of hydraulic fracturing

is used to increase the yield of oil or gas wells. Specially designed fluids are employed

1



which consist of aqueous polymer solutions. Zirconium chelates are used to crosslink the

polymer during a fracturing operation, causing a controlled increase in the fluid viscosity

which translates into improved performance and a more successful treatment.

The present study originated as an investigation of fracture fluid crosslinking

using zirconium lactate solutions. A better understanding of the crosslinking reactions is

necessary in order to be able to control the rate of these reactions and therefore the

viscosity of the fracture fluid. However, before studying the overall crosslinking

reaction, it was recognized that a better understanding of the crosslinker itself was

needed. This realization prompted the current investigation of zirconium lactate

chemistry, which, in spite of the widespread use of these compounds, remains poorly

defined. With an improved grasp of the nature of these complexes, challenges

encountered in a field such as hydraulic fracturing can be approached more intelligently

and better engineered fluid systems can be designed.

This investigation has therefore focused on the chemistry of lactic acid complexes

of zirconium. The main objective was to determine the structure and the chemical

properties of the complexes in the solution state. It was also important to examine the

complexes under solution conditions that are relevant to real applications, namely a pH

range of approximately 4-10. This is a noteworthy point; as will be shown in subsequent

chapters, studies of aqueous zirconium lactate complexes have only been conducted

previously in highly acidic solutions—conditions which facilitate scientific study but are

not relevant to conditions encountered in practice.

The aqueous chemistry of zirconium is rather complicated and the equilibrium of

this element in solution is notoriously difficult to characterize. The tools used in this



study to examine zirconium lactate complexes in the solution state are principally

spectroscopic techniques, which reveal the structure of the complex molecules. This is

valuable information, as the structure of the complexes will have a significant effect on

their behavior as crosslinking species.

Solid zirconium lactate compounds precipitate readily from solution under the

right conditions. Analysis of the solids can aid in understanding the coordination of lactic

acid to zirconium and thereby augment the solution state study. Spectroscopy again

identifies important aspects of the structure of these compounds. Other characterization

techniques reveal their composition and crystalline nature.

1 .2 Introduction of Chapters

Chapter 2 contains the technical background of this work and a review of the

relevant literature. An overview of hydraulic fracturing is presented to illustrate the

immediate context of this research. This includes a more detailed review of the viscosity

modification of fracture fluids, the practical benefits of this practice, and the challenges

that necessitate a closer look at the reactions and fundamental chemical species involved.

The extent to which zirconium lactate compounds are used in this process is addressed.

The review thus serves to illustrate the connection that a chemical system as specific as

zirconium lactate has to the broader domain of reservoir stimulation, and elucidates what

stands to be gained by studying these compounds. Throughout this work, the figures are

located at the end of each chapter.



Previous studies of zirconium lactate complexes in both the solid and solution

states are discussed. This includes an exhaustive review of zirconium lactate compounds

found in the scientific literature dating to 1900. Of specific interest were studies that

examined the soluble complexes in the solution state. This review demonstrates some of

the additional applications for zirconium lactate compounds as well as the noteworthy

deficiency of fundamental chemical studies of the aqueous complexes.

The chemistry of both zirconium and lactic acid are central to this study and are

also reviewed. The aqueous chemistry of zirconium presents the researcher with several

notable challenges, and many studies are fittingly prefaced with a discussion of the

hydrolytic behavior of this metal. In particular, the hydrolysis of zirconium ions in

solution has often rendered aqueous investigations troublesome or impossible, and has

far-reaching implications to this research. The important aspects of zirconium aqueous

chemistry will therefore be highlighted based on a review of the scientific literature. The

speciation of the ion as a function of solution conditions such as zirconium concentration

and pH will be discussed in order to understand what ionic species are favored in the

solutions examined in the present study.

Likewise, the chemistry of lactic acid is reviewed to understand this molecule as a

complex-forming ligand. Autoesterification of the acid causes important changes in the

species present in solution and cannot be ignored in the investigation presented here.

This well known behavior is discussed with the aim of addressing the possible

complications it may cause in this research.

The investigation of zirconium lactate complexes in the solution state is presented

in Chapter 3. The goal of this portion of the research was to identify the structure and



chemistry of the aqueous complexes as a function of varying solution conditions. Of

particular interest was to identify the stoichiometry of the complexes and to discern how

extensively hydrolyzed zirconium is in the complexes. Zirconium lactate solutions were

prepared by several distinct routes. Proton,
,3
C, and

17 NMR were used to characterize

the complexes, as well as infrared spectroscopy and potentiometry.

Chapter 4 presents the preparation and characterization of zirconium lactate

complexes in the solid state. The objective of this work was to help identify the nature of

lactic acid coordination to zirconium in order to complement the results from the solution

study. Several precipitation techniques were used to produce compounds with widely

differing structures and elemental compositions.

Several of the solids from this portion of the work were dissolved in water or D 2

and the resulting solutions characterized using the spectroscopic techniques presented in

Chapter 3. The results indicate that the structure of the solid complex greatly affects the

nature of the complexes produced by dissolution of the solid. This discovery has notable

implications regarding the preparation of zirconium lactate compounds and the possibility

of altering their solution chemistry.

The comparison of the results determined separately from the solution and solid

state studies is reserved for Chapter 5. A summary of the important findings from this

study is presented as are suggestions of several directions for future research.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2. 1 Viscosity Modification of Hydraulic Fracture Fluids

2.1.1 Overview of Hydraulic Fracturing

Hydraulic fracturing is a procedure used extensively in modern oil and gas drilling

operations to stimulate improved well production. First introduced over 50 years ago, the

process today generally involves blending and pumping a chemically engineered

"fracture fluid" down the well bore at pressures and rates sufficient to initiate and

propagate a fracture in the surrounding rock formations [Vea89]. A coarse, granular

material known as a proppant is pumped along with the fracture fluid to fill the fracture as

it forms and prevent it from closing upon termination of the pumping phase, while still

providing a highly porous path for oil and/or gas to be conducted from the formation.

Typical propping agents are silica sand or for deeper, higher pressure formations, sintered

bauxite, as well as a number of others [Vea89]. After the fracturing treatment, the

fracture fluid is chemically treated to drastically lower the viscosity and the fluid is

pumped back out of the well, leaving behind a propped fracture which provides high

conductivity flow regimes for oil or gas, resulting in increased production. A schematic

depiction of a fracturing operation is shown in Figure 2.1. The most common geometry



is a vertical fracture, as depicted in Figure 2.1, in which the fracture exists in a vertical

plane [Vea89, And89, Con89] and extends in opposite directions from the well bore,

sometimes as far as 1000 ft or more [Arm95]. As of 1989, greater than 1 million

hydraulic fracturing treatments had been performed and as many as 35^10% of wells

were fractured. It has been estimated that between 25% and 30% of U.S. oil reserves

were made economically producible using the process, while an 8 billion barrel

(1.3xl0
9 m3

) increase in North America's oil reserves has resulted from the use of

fracturing [Vea89].

The hydraulic fracturing process has evolved to become a highly complex

operation. A large-scale treatment can involve a vast array of personnel and equipment to

pump as much as 1 million gallons of fluid and 3 million pounds of proppant at rates in

excess of 50 barrels per minute [Vea89, Arm95]. A great deal of modeling and process

design goes into the modern fracture process. Fracture simulation software utilizes data

about rock formations, well geometry, fluids used, and other parameters to determine the

optimum process design, while on-site equipment includes computers for real-time

process monitoring during blending and pumping [Arm95, Ben89, Ahm89, Men89]. The

fracture fluids themselves can be extremely elaborate mixtures of chemicals designed to

achieve a number of objectives and must be formulated with consideration given to the

nature of the specific formation in which they will be utilized.

2.1.2 Fracturing Fluids

Fracturing fluids are used both as a means of propagating a crack in the rock

formation and transporting the proppant into the crack. There are a number of
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requirements for fluid performance, the details of which will depend on the specific

treatment conditions. In general, a fracture fluid must resist fluid loss into the formation,

have sufficient temperature stability, have sufficient viscosity to support the proppant,

exhibit good post-treatment breaking and clean-up properties, and be economically

practicable. Other desirable features include adequate shear stability, low friction

behavior in both the pipe and the fracture, and minimal detrimental effects on the

permeability of the formation [Vea89, Gul89]. To achieve these demands, fluids have

been extensively engineered and can include a large number of special additives. These

include crosslinking agents, surfactants, buffers, breaking agents, anti-foam agents, and

anti-bacterial agents. Specific fracture fluids are typically made up of a custom suite of

chemicals which are proprietary in nature. Several authors have presented extensive lists

of the types and functions of the many possible additives [Vea89. Gul89].

There are several major categories of fracturing fluids. Among the more common

types used today are aqueous polymer solutions, which typically consist of approximately

0.5-1.0 weight percent water-soluble polymer in water. Polymers include cellulose and

cellulose derivatives, synthetic polymers, and guar gum and guar derivatives [Vea89,

Cha81, Gul89]. Guar is a naturally occurring polysaccharide which consists of a

backbone of mannose sugar units with galactose side groups on approximately every

other mannose unit (Figure 2.2) [Kra88, Gul89, Ely89, Cha81]. The actual ratio of

galactose:mannose varies from the 1:2 value implied in Figure 2.2 to between 1:1.5 and

1:1.8 [Kra88, Gul89]. Other classes of fracture fluids include gelled hydrocarbons,

aqueous foams, and emulsions, each offering unique advantages and limitations [Vea89,

Gul89, Ely89].



2.1.3 Crosslinking of Fracture Fluids

The performance of water-based polymer solutions can often be improved by

crosslinking the polymer, resulting in increased viscosity, which in turn allows for better

proppant transport and a greater usable temperature range [Vea89, Cha81, Ely89]. The

crosslinking compound is added to the fracture fluid as it is pumped, and the timing of the

chemical reactions responsible for crosslinking the fluid is extremely important to a

successful treatment. The fluid viscosity must be high enough to support the proppant

once in the fracture; if the viscosity is too low, the relatively coarse-grained proppant will

settle out of the fluid under gravitational forces before it can be transported into the

fracture extremities. On the other hand, if gelation occurs too rapidly large friction losses

will result while the fluid is still in the high shear region of the pumps and tubing that

make up the mixing and delivery systems [Gul89, Arm95]. An ideal system will exhibit

a delayed response, allowing the fluid to reach the fracture depth before the onset of

appreciable gelation and the accompanying dramatic viscosity increase. This necessitates

a degree of control over the rate of the crosslinking reaction.

In reality, the rate of crosslinking can be difficult to predict and depends on

factors such as the temperature, pH, shear conditions, and shear history of the fracture

fluid, and the type of crosslinker used [Gul89, Cam89]. It becomes important, therefore,

to understand the crosslinking mechanisms and kinetics involved in specific systems in

order to reliably predict behavior and even improve the performance of fracture fluids.

Crosslinking is achieved by introducing metal ions into the fracture fluid which

react with key functional groups of the polymer, creating bonds between individual
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polymer chains. A polysaccharide chain, for example, has hydroxyl groups available to

form coordinate bonds with the crosslinking metal. In the case of guar the hydroxyls are

cis-oriented, which sterically enables the reaction of both hydroxyls with the same metal

ion and the formation of a bidentate complex (Figure 2.3). The simplest model consists

of a single ionic metal species in the reaction, but in many cases the aqueous chemistry of

the metal is more complicated and it is reasonable to believe that more complicated

species—possibly polynuclear—could be responsible for crosslinking.

Crosslinkers themselves consist of solutions of soluble metal complexes. Metal

ions used have included boron, aluminum, iron, titanium, and zirconium [Kra88, Cha81,

Gul89], with the different metals often achieving differing results with respect to the

strength, shear behavior, and temperature stability of the gels they form. For example,

the transition metals titanium and zirconium form gels that exhibit superior performance

in deep, high temperature and pressure wells. Various classes of ligands have been used

to bind the metal ions, including amines, polyols, and hydroxyacids, including glycolic,

lactic and citric acids. Combinations of ligands are also frequently used in the same

formulation. Combinations can consist of mixtures of several different classes of ligands

(see, for example, Sharif, 1993 [Sha93b] and Hanlon and Almond, 1984 [Han84]) or the

use of multifunctional ligands, such as triethanolamine (Brannon et al., 1989 [Bra89], for

example). The large number of metal ions and ligands available makes for an abundance

of possible combinations, as reflected in the voluminous patent literature. Regardless of

the composition of the crosslinking compound, however, its function is to bind the metal

ion and control the availability of the ion for crosslinking the fracture fluid.
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Crosslinking is therefore essentially a ligand exchange reaction between the metal

complex and the polymer. Clearly, then, the nature of both the metal and the complexing

ligand(s) will have a significant effect on the rate of crosslinking. A ligand that forms a

particularly strong complex with the metal ion would be less likely to surrender that ion

and allow crosslinking to occur. Conversely, a weakly bound metal ion would be readily

available in solution and the crosslinking reaction would be expected to proceed rapidly.

The choice of ligand therefore governs the rate at which crosslinking occurs, which

provides an advantageous degree of control over the timing of gelation during a

fracturing operation.

In industry, the crosslinking reaction has been examined indirectly by studying

the rheological behavior of fracture fluids. The properties of practical importance include

the dynamic viscosity, the temperature stability, and the shear stability, which addresses

the rehealing of a gel network broken down under shear. The goal is to be able to predict

the behavior of a particular fracture fluid under the actual conditions of temperature and

pressure encountered in a geologic formation and to engineer a fluid system to perform

successfully in the field. The result is that there exists extensive empirical data regarding

the effects of crosslinking in real systems, but that the crosslinking reaction and the

equilibria involved are not well understood from a fundamental chemical perspective.

A prerequisite to the understanding of these complicated chemical systems is an

understanding of the individual components including the metal complexes that make up

the crosslinkers. The aqueous behavior of the metal ion, its involvement in coordinate

bonds with other molecules, and the coordination behavior of the ligand all influence the

nature of the complexes formed.
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Zirconium is one of the more popular metals used in crosslinkers [Gul89, Ely89],

and a large number of zirconium chelates have been used for this application. However, a

solid chemical understanding of such compounds is lacking and this is no doubt due in

part to the complicated aqueous chemistry of zirconium. Simply put, the tendency of

zirconium to interact strongly with water often renders it difficult to study the interaction

of the metal with other species of interest. Classical methods of investigating the stability

of complexes in solution are often ineffective in the case of zirconium due to these

competing reactions. The following section presents a review of the aqueous chemistry

of zirconium to provide a foundation for understanding the relevant issues that will be

addressed in relation to the study of lactic acid complexes of zirconium.

2.2 Zirconium Aqueous Chemistry

2.2.1 Chemical Nature of Zirconium

Zirconium, a group IVB transition metal, was first discovered as a distinct

element in the form of the oxide in 1789 and the pure element was first isolated in 1824.

It is adjacent to hafnium in the same group on the periodic table, and the chemistry of the

two elements is remarkably similar, such that distinctions between them are often

difficult and most common zirconium compounds are known to contain as much as

several percent hafnium. Zirconium has two 4s and two 5d electrons which act as

valence electrons. The most common oxidation state is IV (Zr
,v

), with lower valences

occurring only rarely in nature. Because of the high charge and relatively large size of

the Zr
4+

ion, coordination numbers are typically 6 to 8, with 8 being perhaps the most
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common [Fay87]. Additionally, the presence of an empty outer d orbital in Zr
4t

effectively eliminates any stereochemical preference in bonding behavior, resulting in a

large variety of structural geometries for Zr
iv compounds [Fay87, Cot88].

2.2.2 Cation Hydrolysis and the Hvdrolvtic Behavior of Zirconium

Aqueous metal ions typically attract water molecules via ion-dipole interactions to

form a hydration sphere. The degree of attraction affects the stability of these metal-

water complexes and subsequently the behavior of the metal ion with respect to other

species. In many instances, the ion-solvent interaction is sufficiently strong to cause

hydrolysis, or dissociation of water molecules, resulting in various hydrolyzed ions

having coordinated OH groups. With zirconium the tendency toward hydrolysis is

extremely strong, and one cannot adequately address the aqueous chemistry of the ion

without a thoughtful consideration of the effects of these ion-solvent interactions.

The study of cation hydrolysis has historically been a difficult endeavor for

chemists. Baes and Mesmer [Bae76] have summarized the two principal reasons for this

difficulty: (1) hydrolysis complexes are often polynuclear (containing multiple metal

ions), and (2) the precipitation of insoluble metal hydroxides interferes with analysis of

the soluble complex ions. The presence of polynuclear hydrolyzed ions essentially

results in a multitude of species that can be simultaneously present under a certain set of

solution conditions, rendering identification of individual complexes and determination

of their stability challenging at best. Meanwhile, the range of conditions, such as solution

pH and metal ion concentration, over which the chemistry of the soluble hydroxide
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complexes can be studied are often severely limited by the potentially irreversible

precipitation of insoluble metal hydroxides or oxides.

A great variety of experimental techniques have been utilized in the study of

cation hydrolysis. The most widely used method for determining the stoichiometry and

stability constants of hydrolyzed ions has traditionally been potentiometry using a

hydrogen electrode. A simplified form of the general hydrolysis reaction is shown in

Equation 2.1, which represents the hydrolysis of water by a metal ion to form a metal-

hydroxide cation while liberating protons in the process.

xM z+ + yH
2 o M x

(OH)
y

(xz "y)+ + yH
+

[2.1]

As H+
is one of the products, it follows that the reaction can be studied by monitoring the

pH of the solution. The ligand number, y, which represents the ratio of OH" ions

coordinated to a metal ion, can be determined from the known metal concentration and

the measured pH [Bae76]. Much of the data that has been collected for specific meta!

hydrolysis reactions has come from this powerful technique. Other techniques that have

been utilized include light scattering and ultracentrifugation (which essentially determine

the degree of polymerization for the hydrolyzed cations); metal ion potentiometry using

an ion specific electrode; liquid-liquid extraction; solubility measurements of the oxide or

hydroxide; and ion exchange. Spectroscopic techniques have also been utilized in both

simple and more complex systems to directly analyze the structures of hydrolyzed
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species. Methods include x-ray diffraction, x-ray scattering, Raman spectroscopy, and

nuclear magnetic resonance spectroscopy.

In the case of zirconium the predicament presented by cation hydrolysis is

particularly troublesome, as the assortment of zirconium hydrolysis products is

dominated by polynuclear species, even in very acidic solutions, and the precipitation of

amorphous zirconium hydroxide (also referred to as the hydrous zirconium oxide,

Zr0
2
»xH

20) occurs very readily. In general, one never encounters an unhydrolyzed Zr
4+

ion in solution, with the exception of the specific conditions of very acidic media and low

Zr
IV

concentration [Bae76, Cot88]. As a result, the study of the aqueous chemistry of

zirconium is especially complicated, more so than a great deal of other metal ions. The

ultimate consequence to the researcher is that when studying the interactions of zirconium

with specific ions or ligands in aqueous solution, one must always consider the powerful

tendency toward hydrolysis in this system; what is most likely analyzed experimentally

are the complicated interactions involving Zr
4+

, H20, OH", and the additional species of

interest. To say the least, the picture can rapidly get out of hand from an analytical

chemistry standpoint. No doubt many studies in inorganic chemistry seek to exclude an

aqueous zirconium system from consideration in order to avoid the associated problems

in characterizing the complex species that result from hydrolysis. However, the

engineering significance of aqueous based chemical systems is too important to ignore:

many industrial chemical processes are necessarily aqueous in nature, either from

economic, environmental, or other considerations. It is inevitable, then, that in the
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industrial setting the consequences of the hydrolytic behavior of zirconium are

encountered and there is much to be gained from understanding this behavior.
1

The more common experimental methods, such as potentiometry, that rely on pH

measurement have proven to be of very limited use in the study of zirconium aqueous

chemistry because of the tendency to precipitate the hydrous oxide. This has generally

confined investigations to experimental techniques that operate exclusively at solution

conditions of very low pH, where hydrolysis is limited and precipitation is avoided.

Methods such as ion exchange, ultracentrifugation, light scattering, complexometry, and

solubility measurements have traditionally proven to be the most useful [Bae76].

The exact stoichiometry of hydrolyzed zirconium ions is dependent on solution

conditions such as pH and Zr
iv

concentration and can be considered to have the general

formula Zrx
(OH)

y
(H

20)z

(4xy)+
. The unhydrolyzed Zr

4+
ion exists only in conditions of low

Zr
,v

concentration ([Zr
IV

] < 10"4 M) and high acidity ([H
+
] > 1M) [Bae76, Con51, Cot88].

2

At higher pH and higher Zr
IV

concentrations various hydrolysis products are formed,

including polymeric species [Bae76, Kra81, Con51, Fay87, Dev81, Sin96]. Several

specific stable polynuclear species have been proposed, including Zr
4
(OH) 8

8+
, Zr3

(OH)
5 \

and Zr
3
(OH)

4

8+
[Bae76]. These complex hydrolyzed metal cations generally consist of

1 Not surprisingly, the ease with which the hydroxide precipitates has long been used advantageously in the

preparation of zirconia ceramic powder precursors via solution chemistry techniques. The precipitated

hydroxide may be calcined to the pure oxide, or alternatively, with the proper adjustment and control of the

solution conditions, pure nanocrystalline Zr0
2
can be precipitated directly from solution. This method of

powder synthesis has particular advantages when the desire is to introduce controlled levels of impurities,

such as yttrium oxide, with molecular scale mixing in the precipitated powder. Numerous studies have

described the nucleation and growth of hydrous precipitates from aqueous Zrlv
solutions [Ogi89, Ble86,

Lev70, May84, Sta86, Moo95, Ada88, Ada90, Wan97, Eti90].
2 Even in the absence of Zr

x
(OH)

y

(4"y,+ complexes, however, the attraction of water molecules means that

the monomeric unhydrolyzed ion is more correctly referred to as a metal-water complex, Zr(H
20)2

4\
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OH bridges between metal ions, which can form chains of increasing length as hydrolysis

proceeds.

Examination of the crystal structure of zirconyl halide salts [Cle56], ZrOX2
»8H

2

(X = CI, Br), first revealed the presence of a tetrameric structure in which four zirconium

atoms are located on the corners of a slightly distorted square and are joined on each side

by double hydroxide bridges. Each zirconium atom is also coordinated to four water

molecules, giving an overall coordination number of 8 for the complex with the formula

Zr4(OH)8
(H

20) 16

8+
(Figure 2.4), often referred to as "Clearfield's tetramer." Subsequent

study of aqueous zirconyl and hafnyl halide salt solutions using x-ray scattering

confirmed the presence of the same tetrameric cation in solution, with additional

coordinated halide anions [Muh60]. Further x-ray studies have shown that the presence

of a stable tetrameric ion in acidic solutions is consistent with observed data [Abe77,

Sin96].

The hydration state of the aqueous tetrameric ion has been observed using 'H

NMR [Fra73] of zirconyl perchlorate (ZrO(C104)2) and nitrate (ZrO(N03)2) solutions.

Two separate proton signals were observed that were assigned to coordinated water. The

concentrations of these protons in solution corresponded to a zirconium hydration number

of 4, consistent with the earlier proposed tetrameric structure (Figure 2.4). The absence

of signals due to hydroxide protons was attributed to rapid exchange on the NMR time

scale. A more recent study used
17

and 'H NMR to study the aqueous tetrameric cation

[Abe93]. The results show that there are two distinct types of coordinated water

molecules, corresponding to two inert and two labile water molecules per zirconium. It is

worthy of note that no exchange was observed for the oxygen atoms of the hydroxide
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bridges even after very long equilibration times, nor were there any signals detected for

the hydrogen atoms of the bridging hydroxyls, presumably due to rapid exchange of these

acidic protons.

While the tetrameric cation is a dominant species under a range of conditions, as

hydrolysis proceeds higher polymers are generated through the continued formation of

hydroxide bridges. X-ray scattering has been used extensively to characterize the

polymeric species that form in Zr
IV

solutions and to investigate the growth and aging

phenomena that occur. Solutions of zirconium salts have thus been found to exhibit time

dependent behavior with respect to the growth of hydrolyzed ions. In general, the degree

of polymerization can increase as a function of time and temperature, and hydroxide

bridges are converted to oxide bridges, with all the equilibria typically taking place very

slowly [Kra81]. X-ray scattering has specifically shown that an equilibrium exists in

solution between the well-known tetramer and an octameric cation, which is an aggregate

of two tetrameric cations with hydroxide bridges between them [Sin96]. In a solution

with [Zr
IV

]
= 0.05 M, the tetramer dominates at [H

+

] > 0.6 M, while the octamer is the

predominant species at [H
+
] < 0.05 M. This equilibrium is indicative of the preliminary

steps toward eventual growth of higher order zirconium hydrous polymers. Precipitation

from solution is actually a stepwise process of hydrolysis reactions which lead to

oligomeric hydrolyzed species (such as the predominant tetramer) and the aggregation of

these species to form larger particles [Ble86, Sin97, Abe77, Hu99, Hu98, Tos93a,

Tos93b]. As the hydrolyzed polymers age, hydroxide bridges are slowly replaced by

more permanent oxide bridges [Kra81].
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Early studies on the aqueous chemistry of zirconium assumed the presence of the

zirconyl ion (Zr=0
+
) as a distinct species in solution (see, for example, reviews by

Blumenthal [Blu49, Blu58]). This ion has been identified in a very few solid compounds

using Raman and IR spectroscopy, but there is as yet no evidence for its existence in

aqueous solution [Bae76, Fay87].

Baes and Mesmer [Bae76] summarized the stability data for monomeric

hydroxide complexes from data prior to 1973. They noted that only the single hydroxide

complex, Zr(OH)
3+

, had been characterized with sufficient reliability, while the values

given for species Zr(OH)
y

(4"y)+
, where y > 1 , are considered only rough estimates. A

recent potentiometric study presents stability data for several species that are found to be

dominant in solution at pH 1.5-3.5 [Vey98].

In summary, the aqueous chemistry of zirconium is profoundly complicated by

the hydrolysis reactions that readily occur. Speciation is dominated by polynuclear

complex ions at concentrations above roughly 1

0"4 M even in very acidic solutions, and

precipitation of hydroxides can occur even at relatively low pH. This behavior causes

much difficulty in the study of aqueous zirconium complexes with organic or inorganic

ligands.

2.3 Lactic Acid Chemistry

2.3.1 Introduction

Lactic acid is an ct-hydroxy carboxylic acid with structure (I) and is the simplest

such acid with an asymmetric carbon atom. Two stereoisomers of lactic acid exist: the
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L-(+) and D-(-) forms. It was one of the earliest known organic acids and has played a

prominent historical role in the understanding of stereochemistry [Fis50]. Lactic acid

occurs very widely in nature and is an immensely significant compound in biological

processes [Hol71]. Industrial uses for lactic acid are considerable and include

applications in the food industry, in pharmaceuticals, and as a raw material in various

chemical syntheses [Vic85].

COOH

H—C—CH
3

OH

(I)

Lactic acid

Lactic acid is a moderately weak acid with a dissociation constant of about

1.38 x 10"4
, which corresponds to a pK

a
of 3.86. Holten [Hol71] has presented an

excellent review of studies addressing the dissociation of lactic acid. It is clear from this

review that there exists some uncertainty in the actual value ascribed to the acid, the

determination being complicated by issues such as the autoesterification of the acid. The

pK
a
values for lactic acid compiled from published sources are presented in Table 2.1.

Lactic acid is infinitely soluble in water [Pec67] and is usually supplied commercially as

an aqueous solution.
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Table 2.1. Literature values for the pKa
of lactic acid at

various temperatures and solution ionic strengths. Unless

otherwise noted the measurements were made using a glass

hydrogen electrode.

pK
a

" conditions'" Ref.

3.860(0.002) 25°C, ->0 e [Mar82]

3.66 (0.03) 25°C, 1 = 0.1 [Mar82]

3.61 25°C, I = 0.5 [Mar82]

3.64(0.01) 25°C, 1= 1.0 [Mar82]

3.81(0.01) 25°C, 1 = 2.0 [Mar82]

3.626(0.002) 20°C, lMNaC104
[Mar71]

3.83 (0.03) 31°C, 0.1MNaClO4
[Mar71]

3.8579
c 25°C, ->0e [Mar64]

3.862 25°C, ->0 e [Mar64]

3.739 20°C, 0.2M KC1 [Mar64]

3.68 25°C, 0.5MNaClO4
[Per79]

3.77 25°C, 1 = 0.1 [Per79]

3.63 (0.03) 25°C, 1.0MNaClO4
[Per79]

3.64
d 20°C, l.OMNaClO, [Per79]

3.57 25°C, 0.2M NaC104
[Per79]

Values in parentheses indicate the reported error.

The value I indicates the ionic strength of the solution; no

indication of the salt used to obtain this value was given.

Determined by conductivity measurement.

Determined using quinhydrone electrode.

Values extrapolated to ionic strength of 0.

Possessing both an alcohol and acid group, lactic acid can undergo a remarkable

array of chemical reactions. Salts are readily formed with many metals, the majority of

these being soluble in water [Pec67]. Lactic acid commonly coordinates to metal ions in

solution through both the hydroxyl and carboxylate groups, forming stable five-

membered chelate rings [Hol71] (Figure 2.5).

Various salts of lactic acid have found their way into industrial applications.

Alkali lactates have been proposed as substitutes for glycerol; aluminum and zirconium

lactates have been used in antiperspirant formulations; copper lactate is used in

electroplating baths; iron lactate has been used in the treatment of anemia and in infant
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foods; titanium lactate has been used as a glass coating during handling [Pec67]. Holten

[Hol71] has prepared an extensive listing of metal lactate salts reported in the literature.

2.3.2 Intermolecular Esters

Because lactic acid has both a carboxylic acid and an alcohol group, it is capable

of autoesterification in which two lactic acid molecules condense to form lactoyllactic

acid, liberating one molecular of water.

/
DH = H° °\

y
0H + H 2

r\
Lactic acid esterification

Condensation with a third lactic acid molecule would yield lactoyllactoyllactic acid, and

so on. This stepwise reaction may continue, increasing the chain length of the ester to

yield polylactic acids of varying molecular weights with the general structure (II) such

that an aqueous solution of lactic acid will typically consist of the free acid in equilibrium

with the higher esters. The actual distribution of species is a function of the overall acid

concentration and the equilibrium is slowly attained at room temperature. Another

possible condensation product is the bimolecular cyclic ester dilactide (III) but this

species is of minor importance when considering aqueous equilibria of the acid, as it is

present only in small quantities if at all [Hol71].
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(II)

Polylactic acid

(HI)

Dilactide

The aqueous chemistry of lactic acid with respect to the dynamic equilibrium

between water, the monomer, and intermolecular esters has been well characterized. The

common convention is to refer to an aqueous solution containing both the monomer and

intermolecular esters in terms of the total equivalent amount of lactic acid. The term

"free lactic acid" is reserved specifically for the uncondensed monomer in solution. In

general, the higher the total lactic acid concentration, the greater the fraction of

intermolecular esters at equilibrium. If a solution is completely dehydrated the
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equilibrium would go completely toward ester formation and the lactic acid would be

100% polymerized. Since this situation would result in the removal, on average, of one

water molecule for each molecule of free lactic acid, such a "solution" would be

characterized as having a total lactic acid concentration of 125% (90.08/(90.08-18.02))

[Fil44]. Further discussion of the esterification reaction and the calculation of solution

concentrations is presented in Appendix A.

When the concentration of a lactic acid solution is altered, such as when the

concentrated reagent is diluted with water, it may take weeks or months for the new

equilibrium to be attained [Hol71, Van81]. Boiling of such solutions can speed the

hydrolysis of the esters to form free lactic acid, as can the addition of excess alkali

[Hol71]. Titrimetric techniques have been utilized in the study of the equilibrium to

determine the distribution of species. The standard procedure is to titrate a solution of

lactic acid with alkali to determine the total free (or titratable) acidity, which corresponds

to the titrimetric endpoint. Excess alkali is added beyond the endpoint and the solution is

boiled in order to hydrolyze all of the esters to free lactic acid. The solution is then back

titrated to determine the amount of ester-bound acidity that has been liberated by

hydrolysis. With these two pieces of data, it is possible to calculate the percentages of

free lactic acid and polylactic acids as well as the degree of polymerization of polylactic

acids in the initial solution.

Holten [Hol71] has presented a review of the appropriate equations that have been

developed for such calculations, and has pointed out the errors that were inherent in

earlier works based upon unacceptable assumptions of what species could be expected in
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solution.
3 The titration data from a number of previous sources, covering solutions with

total lactic acid concentrations ranging from 5 to 118 %, has been compiled and the

distribution of species and degree of polymerization calculated. Based on this data, a

composition chart for aqueous solutions of lactic acid in terms of water, free lactic acid,

and polylactic acids has been presented in the form of a ternary composition diagram

(Figure 2.6, from Holten [Hol71], p. 207). The diagram is useful as an aid for calculating

the equilibrium distribution of free lactic acid and polylactic acids and illustrates

graphically the change in relative percentages of the free acid versus polylactic acids

depending on the total lactic acid concentration in solution. It is apparent in this figure

that for very high lactic acid concentrations (or, in other words, very low water

concentrations) an increasing percent of the lactic acid exists in the polymerized state. It

is also clear that intermolecular esters (polylactic acids) become significant at lactic acid

concentrations of approximately 30 wt. % (i.e., 70 wt % water). Calculations have shown

that the mean degree of polymerization for polylactic acid species is near 2 (i.e.,

lactoyllactic acid) over most of the concentration range, and increases sharply only at

total lactic acid concentrations from 100-125%.

3
Early calculations of the distribution of species from titration data assumed that lactoyllactic acid was the

only condensed ester that was present at significant quantities for all ranges of solution concentration.

While this assumption is reasonable in dilute solutions, in more concentrated solutions the percentage of

polylactic acids consisting of more than 2 monomer units becomes significant and unrealistic calculations

would result from omitting these species from consideration.
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7. .4 Zirconium and Hydroxy Acid Complex Chemistry

It will be worthwhile at this stage to review some of the pertinent aspects of the

complex chemistry of zirconium and the hydroxy acids. Fay [Fay87] has presented a

general review of the coordination chemistry of zirconium with most classes of ligands.

Such a broad treatment is beyond the scope of the present work, and the discussion will

primarily be restricted to studies that are relevant to the interpretation of the experimental

results presented in the following chapters. An excellent review of hydroxy acids as

complexing ligands has also been presented [Ped87], which discusses spectroscopic

characterization techniques and the structural properties of specific coordinated acids.

The brief review that follows is sub-divided into two sections, the first covering

zirconium complexes with various hydroxy acids and other relevant ligands, and the

second covering carboxylate complexes with a variety of metal ions. The specific focus

is on studies that have used the techniques employed in the present investigation (infrared

and nuclear magnetic resonance spectroscopies, and potentiometry) in order to underscore

the utility of these experimental methods and to summarize some of the chemical systems

to which they have been applied. The specific findings of individual studies from the

literature will be discussed in the next two chapters in the context of the experimental

results from the current work. A focused review of zirconium lactate chemistry is

reserved for Section 2.5.
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2.4.1 Zirconium Complexes

Spectroscopic studies have most commonly been performed on zirconium

complexes in the solid state. Mandelate complexes of zirconium and hafnium have been

studied considerably [Kum47, Hah55, Hah57, Kar75, Lar72, Bar95], as mandelic acid is

found to be an exceptional selective reagent for these elements. Other hydroxy acids used

to prepare zirconium complexes have included: glycolic [Pet72]; lactic [Lar72, Bar95];

tartaric, citric, and trihydroxyglutaric [Erm87]; and a number of other less common acids

[Hah79]. Complexes with monohydroxy monocarboxylic acids, such as mandelic and

lactic, generally have a maximum of four ligands per zirconium ion and the empirical

formula [ZrL4]
(L - ligand). In most of these systems, however, it is common to

precipitate hydroxy-zirconium complexes (i.e., Zr(OH)xLy)
instead of the

stoichiometrically pure 4:1 compound. In fact, it was long believed that pure 4:1

complexes could not be precipitated quantitatively with acids such as glycolic or lactic

[Blu58, Blu63], but this has since been disproved [Lar72, Bar95]. The precipitation of

the pure 4:1 complex generally requires solutions of high acidity and a large excess of

ligand.

Solution studies of zirconium complexes usually involve the use of multidentate

ligands that form very stable complexes. Such powerful chelating agents are more

effective at binding zirconium and preventing hydrolysis, which would interfere with the

measurement of complex stability. Hence ethylenediaminetetracetic acid (EDTA) is

commonly employed in solution studies of zirconium complexation. Perhaps the most

common methods used in the study of aqueous complex stability are ion exchange
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[Pan64, Tik67, Erm66] and potentiometry. Potentiometric experiments have been

performed on zirconium complexed with EDTA [Int64, Mor56], as well as numerous

other multidentate ligands [Int60]. Using this technique, the structures of fairly

complicated chelates—some of the ligands examined have as many as eight possible

coordinating sites—have been indirectly inferred from the data. The results suggest that

in some cases complexes may contain polymeric structures in which the ligands occupy

some of the coordinating sites around a zirconium ion, with the remaining sites occupied

by hydroxyl groups that form bridges between adjacent zirconium ions (see also the

review by Martell [Mar65] of polynuclear chelates). Interestingly, it has also been

observed [Int60] that not only do oxygen donor groups appear to coordinate more

strongly to zirconium than nitrogen donor groups, but alcohol groups form stronger bonds

than carboxylate groups. Ryabchikov et al. [Rya60, Rya64] came to a similar conclusion

by showing that hydroxy carboxylic acids showed a much stronger affinity for zirconium

than dicarboxylic acids containing no hydroxyl groups.

The hydrolytic behavior of zirconium raises the possibility of hydrolyzed

zirconium ions existing in complexes in both the solution and solid states. Of particular

interest is whether the tetrameric cation [Zr4
(OH)8

8+

]
persists after complexation or is

broken up by the formation of monomeric complexes. The identification of such

structures is especially difficult in the solution state. Unfortunately, there is a lack of

published spectroscopic studies of zirconium complexes in solution, and therefore the

amount of data regarding their structure is rather minimal. Tosan et al. [Tos94] examined

acetate complexes of zirconium using Raman scattering data and suggested that the

aqueous complexes of zirconium with acetic acid were formed via bidentate coordination
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of acetate ions to the tetrameric cation, thus maintaining this structure in the aqueous

complex.

Experimental data relating to the presence of hydroxy zirconium ions in the solid

complexes are slightly more abundant. Studies of zirconium complexation with some

bidentate nitrogen donor ligands such as 2-2'bipyridyl and 1,10-phenanthroline [Mis89]

have shown that the tetrameric cation is present in the precipitated solid complexes.

Larsen and Homeier [Lar72] note that the persistence of the tetrameric cation in the

formation of complexes with mandelic acid is unlikely, but that the tetramer may act as a

template which opens up to form chains linked by bridging ligands. In contrast,

Karlysheva et al. [Kar75] suggest a structure for a zirconium mandelate complex of the

stoichiometry in which four ligands are bidentate to the same metal ion.
same

2.4.2 Hydroxy Acid Complexes

Infrared and Raman spectroscopy are routine tools for investigating metal

complexes in solution. Several researchers have described the use of infrared

spectroscopy to examine complexes of lactic acid [Gou60a, Kak87, Cor92] and other

simple a-hydroxy acids [She93, Lar65, Gou60b, Kak87] in the solution state with a

variety to metal ions. Infrared and Raman spectroscopy have been used in similar

investigations of aqueous metal acetates [Tac89, Qui98, Tos94]. The stretching

vibrations of the carbonyl group result in strong IR bands, which are sensitive to the type

of carboxylate coordination. The bands corresponding to these molecular vibrations,

then, are most commonly used to characterize metal complexes with hydroxy acids. The

type of carboxylate coordination, such as unidentate or bidentate, can often be readily
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determined from the vibrational spectra. Bands due to the alcohol groups of hydroxy

acids have also been used to determine the structure of aqueous complexes [Gou60a,

Lar65], although these absorptions are not as strong as those of the carboxylate group and

are often involve the coupling of several molecular vibrations.

Nuclear magnetic resonance spectroscopy is a very powerful technique for

analyzing complexes in the solution state. Aqueous complexes of tungsten,

molybdenum, and aluminum with a number of hydroxycarboxylic acids, including lactic

acid, have been investigated using 'H and
13C NMR spectroscopy. Similar stupes have

also been presented on hydroxy acid complexes of the uranyl ion (U0 2

2+

)-
Table 2.2

summarizes these studies based on several of the more commonly used hydroxy acids.

,3C NMR was also recently used to investigate aqueous complexes of the alkaline earth

metals magnesium, calcium, barium, and strontium with a large number of carboxylic and

hydroxycarboxylic ligands, including acetic, formic, glycolic, lactic, and tartaric acids

[Kon98, Kon97] (see Table 2.2).

The utility of this technique is that the coordination mode of the ligands can be

determined based on changes in the chemical shifts of specific groups that coordinate to

the metal. In the studies of transition metal complexes mentioned above, for example, the

NMR signals of carbonyl carbons (COO) and methine carbons (CH) and protons (CH) of

hydroxy acids have exhibited significant downfield displacements relative to the signals

of the free ligands. These displacements are evidence of strong coordinate bonds to the

metal ion. A wealth of information can be extracted from careful inspection of the

individual chemical shifts regarding the number of distinct complexes present and which

ligand functional groups are coordinated to the metal. Complexes of alkaline earth
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metals, however, have resulted in NMR spectra void of separate chemical shifts

corresponding to bound ligands, which is cited as evidence of the much weaker nature of

the complexes [Kon97, Kon98].

Table 2.2. Published 'H and
13C NMR studies of some

hydroxycarboxylic acid complexes with various metal ions.

Ligand* Metal species NMR References

Glycolic acid WVI 'H,
nC [Cal87]

MoVI H, ,3C [Cal87]

uo2

2+ 13C [Kak87]

Mg", Sr", Ca", Ba"
13c [Kon98]

Lactic acid Wv. 'H,
,3C [Cal87]

MoVI 'H,
,3C [Cal87, Cal86]

Al'" 'H,
l3C [Cor92]

uo
2

2+ 13C [Kak87]

Mg", Sr", Ca", Ba"
,3C

'H

[Kon97, Kon98]

[Cer85, Gil80]
Malic acid WV1

MoVI 'H,
13C [Cal81]

U0 2

2+ 'H [Nun82]
l3C [Nun82, Nun84]

Mg", Sr", Ca", Ba"
,3C [Kon98]

Mandelic acid Wv. 'H,
13C [Cal87]

MoVI 'H,
13C [Cal87]

Tartaric acid Al"
1 'H [She93]

U0 2

2+ 'H [Nun84]
,3C [Nun84, Kak87]

Mg", Sr", Ca", Ba"
l3C

'H

[Kon98]

[She93]
Citric acid Al"

1

U02

2+ l3C [Kak87]

Mg", Sr", Ca", Ba"
,3C [Kon98]

* Chemical formulae for hydroxy acids are listed in Appendix B
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The definitive characterization of ligand coordination is provided by x-ray crystal

structure determination. Bombi et al. [Bom90] have determined the structure of an

aluminum trilactate complex (Al(Lact)
3) in which oxygen atoms of both the hydroxyl and

carboxylate groups were coordinated to aluminum. Recently, Harry et al. [Har99]

presented the crystal structure of a zirconium hydroxy diglycolate complex which

exhibited similar coordination of glycolic acid. The crystal structures of malonic acid (a

dicarboxylic acid, H0 2
CCH

2
C0 2

H) complexes with both aluminum [Tap96] and

zirconium [Wil98] have also been determined by x-ray diffraction. The zirconium

complex contains four bidentate malonate ions resulting in eight-coordination of

zirconium. The aluminum complex contains two bidentate malonate ions, with two water

molecules completing a six-coordination arrangement. No specific crystal structures for

zirconium hydroxy acid complexes have been proposed in the literature.

2.5 Zirconium Lactate Chemistry

Zirconium lactate complexes have many industrial and research applications. The

patent literature, for example, contains descriptions for the application of these

compounds in anti-perspirant formulations [Rub76], as insolubilizers in paper coating

compositions [Flo93], as an adhesion enhancing additive for printing inks [Woo98], and

as crosslinking agents for hydraulic fracturing fluids [Bra89, Wad85, Shu87, Mor95].

Numerous patents specifically address the methods of preparation for stable aqueous

solutions of zirconium lactate (and other ot-hydroxycarboxylate) compounds [Sha93a,

Sha93b, Daw98, Sha95, Put98], as well as mixed ligand systems involving additional
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chelating agents (amines, polyols, etc.) [Wil85, Han84, Rid92], for use as crosslinking or

gelation agents. Elsewhere in the scientific literature, zirconium lactate compounds have

been cited in many of the above applications, particularly hydraulic fracturing [Moo98,

Bon92, Har97, Oma95a, Oma95b, Har99], as well as uses in zirconium toxicological

studies (see the studies by Kang et al. [Kan77] and Prior et al. [Pri59], for example).

The literature cited above consists almost exclusively of descriptions of the

preparation and use of zirconium lactate compounds, and not to studies specifically

addressing the chemistry of this system. A great deal of research typically goes

unpublished in this field in the interest of maintaining possession of proprietary

formulations and technical know-how.
4 The result is that in spite of the use of these

compounds in industrially relevant applications the scientific literature contains relatively

few studies characterizing their chemical structure and properties.

There have been sparingly few published studies over the past 40 years addressing

the solution chemistry of zirconium lactate compounds. This is due in part, no doubt, to

the strong tendency toward hydrolysis exhibited by zirconium that renders any

investigation in aqueous media difficult because of the complicated interactions with the

solvent. Ion exchange has been used to examine the complexes in solutions of high

acidity and low Zr
,v

concentration in order to limit the extent of hydrolysis that can take

place. Ryabchikov et al. have used this technique to study the complexation of zirconium

with several hydroxy acids, including lactic acid, in solutions with [H
+

]
= 2.0-0.125 M

and [Zr
IV

] < 10"5 M [Rya60, Rya64]. They identified zirconium lactate complexes with

4
Private communication, DuPont Specialty Chemicals
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both 1:1 and 2:1 (lactate:zirconium) stoichiometry and reported stability constants for

these compounds as 1.90xl0
2 and 3.50xl0

2
, respectively, for solutions with [H

+

]
= 2 M

and [Zr
,v]<10"5 M [Rya64]. Such solution conditions are believed to favor the

unhydrolyzed, monomeric Zr
4+

ion. More recently, Gnatyshin and Popovich [Gna85]

used the same technique to determine the stability constants of zirconium lactate

complexes in solutions with [HI =1 M and [Zr
,v

]
= 10"4 M. These solution conditions,

with slightly lower acidity and higher Zr
lv concentration than those used in the earlier

study, are expected to allow the hydrolysis of zirconium to a limited extent. Complexes

with the compositions ZrOH(Lact)
2+

, ZrOH(Lact)2\ and ZrOH(Lact) 3
°, where

Lact = lactate (C
3
H

5 3 ),
were proposed. The reported stability constants of these

complexes were 2.63xl0
8

, 1.41xl0
7

, and 2.19xl0
6

,
respectively. The authors also

proposed theoretical structures for zirconium lactate complexes which involved

coordination by both the alcohol and carboxylate oxygens (Figure 2.5). As these studies

demonstrate, the complexes formed are highly dependent on the solution conditions

employed due to the hydrolytic behavior of zirconium.

Baglin and Dehart [Bag78] analyzed the complexation of zirconium with lactic

acid by observing the displacement of coordinated S04

2
" by lactate ligands using Raman

spectroscopy. They reported that even relatively low concentrations of lactic acid were

effective in replacing S04

2" ions complexed to zirconium in solutions of high acidity

([H
+
] > 2M). In a recent review addressing the chemistry of crosslinking compounds,

Harry et al. [Har99] allude to the study of a sodium zirconium lactate compound in

solution using 'H and
13C NMR measurements (no data were presented). The results
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suggest that only two of three available ligands per metal atom in solution are involved in

complex formation, indicating a 2:1 stoichiometry for the complex. Crystallographic data

for a related compound—a zirconium glycolate complex that was isolated by acidifying a

sodium zirconium glycolate solution—was presented showing a structure incorporating

two ligands bidentate to each zirconium ion and having the empirical formula:

[(CH
2
(OH)COO)2

Zr(OH)2] 6
«14H2

0. An exhaustive study of the literature has revealed

that there have been no published studies of zirconium lactate complexes in aqueous

solution using either infrared or nuclear magnetic resonance spectroscopies.

Two studies have presented investigations of isolated zirconium lactate

compounds in the solid state. Larsen and Homeier [Lar72] examined zirconium

complexes of various a-hydroxy carboxylates including lactic acid. The zirconium

lactate compounds reported are tetrakis(c//-lactato)zirconium (Zr(Lact)4) and

hydroxytris(lactato)zirconium (Zr(OH)(Lact)
3),

both of which were prepared by reacting

zirconium oxychloride solutions with concentrated lactic acid followed by separation and

washing of the resulting precipitate. The stoichiometrics of the compounds were

determined by elemental analysis. The compounds were analyzed using FT-IR

spectroscopy with the goal of determining the effect of stereospecific ligands on complex

formation. While the chemistry of a zirconium complex with mandelic acid was

discussed in detail, no structures were proposed for the lactate complexes.

Barbieri et al. [Bar95] studied complexes of zirconium and hafnium with a

number of a-hydroxy carboxylic acids, including lactic, to identify the optimum ligands

for the gravimetric precipitation of the metals. The lactate complex was precipitated in a
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similar manner to that of the tetralactate of Larsen and Homeier, and also had 4:1

stoichiometry. X-ray diffraction showed the complex to be crystalline, and the discussion

of the FT-IR spectrum is in agreement with the complex reported in the earlier study.

The structure of the complexes was not discussed.

In an early review, Blumenthal [Blu58] has discussed some of the chemical

aspects of hydroxy acid complexation of zirconium. This includes a discussion of

"trilactatozirconic acid", a hydroxy zirconium lactate compound precipitated from

solution with the reported formula H3
ZrOHL 3

. The observation was made that pure

compounds with 4:1 ligand:zirconium stoichiometry were possible with mandelic acid

but not with glycolic or lactic acids. This has clearly been refuted by the more recent

studies discussed above [Lar72, Bar95].

A search for zirconium lactate and related compounds using the Chemical

Abstracts database resulted in eleven compounds with individual CAS registry numbers.

Only two of these compounds have related references in the available literature; of these,

no references have been located that address the characterization of the compounds either

in solution or as isolated solid crystalline compounds. The majority of the related

references are patents; the majority of those are related to the hydraulic fracturing

industry. In at least one case, it is clear that the registered compound (sodium zirconium

lactate) is a commercially supplied reagent. In these instances, the reported compounds

(e.g. sodium zirconium lactate) typically consist of mixtures of the appropriate reagents

which give stable (with respect to insoluble precipitates) solutions. Accurate

characterization of solute species, in terms of stoichiometries and molecular structures of

the metal complex, is not essential for the marketability of the material and is therefore
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unnecessary. It seems likely, as mentioned before, that the paucity of literature stems

from a desire on the part of researchers to keep the formulations and synthesis techniques

proprietary as well as the experimental difficulties in studying aqueous zirconium

•

complexes.
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p,.,/ Fracturing

Proppant

Figure 2.1. Schematic diagram of a hydraulic fracturing

operation. From Veatch, 1989 [Vea89].
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Figure 2.2. The repeating chemical structure of guar gum.
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Figure 2.3. Crosslinking of guar by a metal ion reacting

across cis-oriented hydroxyl groups. R = CH2
OH;

R' = Galactose.
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O <
H2°)

£fe O(OH)

Zr

Figure 2.4. Structure of the tetrameric zirconium cation

Zr4
(OH) 8

(H
20) 16

8+
.

Figure 2.5. Lactic acid coordinated to a metal ion (M) via

both the hydroxyl and dissociated carboxylate groups,

forming a five membered chelate ring.
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Polylactic acids

Water S 20 30 40 50 60 70 80 90 Lactic acid

(b)

Wa,tTw 20 30 AO 50 60 70 80 90 Lactic acid

Figure 2.6. Ternary composition diagrams of the aqueous

lactic acid system in (a) weight percent and (b) mole

percent. From Holten, 1971 [Hol71].



CHAPTER 3

LACTATE COMPLEXES OF ZIRCONIUM IN THE SOLUTION STATE

3.1 Introduction

Preliminary studies of zirconium lactate solution chemistry performed by this

author have demonstrated some of the general behaviors of this system. Aqueous

solutions of soluble zirconium lactate can be prepared over a range of intermediate pH

values, between approximately 4 and 10. This has also been demonstrated, for example,

in preparations described in the patent literature [Flo93, Sha95, Daw98]. At higher pH

values, the relatively weak lactate ligands do not sufficiently stabilize the zirconium ions

against hydrolysis, and the irreversible precipitation of zirconium hydroxides occurs. On

the other hand, at acidic pH values the reversible precipitation of zirconium lactate

compounds occurs; readjustment of the pH to neutral values results in the dissolution of

the precipitate. The detriment that either of these extremes poses to the study of the

soluble complex in the solution state is obvious, and necessarily limits the range of study.

The actual pH at which precipitation occurs in either case appears to be kinetically

dependent on the overall solution concentration and the ratio of lactic acid to zirconium.

This places limitations on the compositions that can be realistically analyzed. It has been

experimentally shown in the present work that a ligand to metal ratio of at least 2 is

required to avoid the precipitation of hydroxides when the pH is adjusted to the neutral

regime or higher by the addition of a base. Consequently, in contrast to hydroxy acid

42
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complexes of other metals that have been previously studied (some of these studies will

be referenced in the Results and Discussion section of this chapter), aqueous solutions in

which the concentration of lactic acid is lower than that of zirconium ions are not

experimentally attainable.

A number of experimental techniques can be used to investigate the chemistry of

aqueous complexes. Potentiometric titrations can often reveal information about complex

stability and stoichiometry, but this technique is limited in the case of zirconium because

of hydrolysis reactions. Other methods, such as ion exchange, have been used to analyze

solutions under highly acidic conditions in order to limit the hydrolytic speciation of

zirconium ions while attempting to characterize the reaction of the metal with an organic

ligand. Several ion exchange studies of zirconium lactate complexes were discussed in

Chapter 2. The results highlighted the fact that, due to hydrolysis, the nature of

zirconium complexes is highly dependent on the solution conditions. It is clear, then, that

while allowing for an empirical determination of the stability constant of a complex, the

drawback of ion exchange is that it does not address experimentally the solution

conditions which are typically encountered in practice. The pH of solutions employed in

hydraulic fracturing operations, for example, is in the range of approximately 3-10,

depending on the particular chemical system. Zirconium lactate complexes used as

crosslinking agents in these systems are therefore usually prepared in the neutral pH

regime. Of immediate interest, then, is the chemistry of the complexes under these

industrially relevant conditions.

Spectroscopic techniques determine the structure of a complex in solution more

directly. Nuclear magnetic resonance spectroscopy has been used previously to observe
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the coordination of hydroxy acids to metal ions in aqueous solutions. To date, no studies

have been published using this technique to examine aqueous hydroxy carboxylic

complexes of zirconium. Infrared and Raman spectroscopies have been used in perhaps a

wider sphere of metal-ligand systems. With these techniques, coordination of the ligand

to the metal can result in either subtle or profound changes in the vibrational frequencies

of the ligand. The symmetric and asymmetric stretching bands of the carboxylate ion are

particularly sensitive to changes in the coordination mode of this group.

Infrared and "H,
13
C, and two-dimensional NMR spectroscopy have been used in

the present study to examine the coordination of lactic acid to zirconium ions in aqueous

solution as a function of the ligand to metal ratio and pH. This represents the first

reported instance of NMR spectroscopy used to characterize aqueous hydroxy acid

complexes of zirconium. It is also the first use of two dimensional NMR spectroscopy to

analyze this type of aqueous complex in the solution state.

Acid/base titrations of solutions containing zirconium and lactic acid were carried

out in an attempt to explore the stoichiometry and possibly the chemical stability of the

complexes formed at various pH. It is recognized that this technique is inherently

troublesome in an aqueous zirconium system due to sluggish hydrolysis reactions.

However, no potentiometric data has been previously presented in the literature for this

metal-ligand system.
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3.2 Materials and Methods

3.2.1 Chemicals and Reagents

Unless otherwise noted, all water used in the experiments described in this and

subsequent chapters was obtained from a Millipore Milli-Q Gradient A10 water

purification system. The conductivity was > 18.0 MQ and the total organic carbon

content was less than 8 ppb.

The 1 M and 0.1 M (nominal concentrations) acid (HC1) and bases (KOH, NaOH)

used for potentiometry experiments were certified standard solutions from Fisher

Scientific. All other HC1 solutions were prepared by dilution of 37% HC1 (Aldrich

Chemical Company) with water to the desired molar concentration. Sodium hydroxide

and potassium hydroxide solutions of other concentrations were prepared by dissolution

in water of the respective compound (Certified ACS, Fisher Scientific). Ammonium

hydroxide solutions were prepared by dilution of the concentrated reagent (29%, Certified

ACS PLUS, Fisher Scientific) with water to the desired molar concentration. TraceMetal

grade nitric acid (Fisher Scientific) was used for preparing ICP standards and sample

solutions. Potassium nitrate and potassium chloride were Certified ACS grade from

Fisher Scientific.

Deuterated reagents were purchased from Cambridge Isotope Laboratories and

included D
2

(99% isotopic purity), 30 wt. % NaOD (99.5% isotopic purity), and

35 wt. % DC1 (99.5% isotopic purity).
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Zirconium oxychloride octahydrate, ZrOCl2
.8H

2
(98% Aldrich Chemical

Company), was used without further purification. Solutions of this salt were prepared by

dissolving in water and diluting to the appropriate molar concentration. Solutions used

for titrimetry were standardized gravimetrically by one of two methods. (1) A known

volume of the solution was titrated with concentrated ammonium hydroxide solution to

pH > 9 to precipitate zirconium hydroxide. The precipitate was filtered from the solution

using quantitative filter paper, dried, and fired to 1000°C in air. The mass of the fired

precipitate was measured, and the quantity of zirconium present was calculated based on

complete conversion to Zr0
2
(confirmed by x-ray diffraction). This value was then

related to the volume of solution initially titrated to determine the initial Zr
,v

concentration in moles/L. (2) The solvent was removed by drying the solution and the

residue was fired to 1000°C in air. The concentration of Zr
,v

in the initial solution was

calculated based on the mass of the fired residue, as with method (1).

Zirconium tetrachloride, ZrCl4 (99.5%, Reactor Grade, Alfa Aesar), was used as-

received. Zr
IV

solutions were prepared from this material by dissolving in water. The

reaction is exothermic and generates HC1, a portion of which is released as a gas while

the remainder dissolves in solution [Kir70, Blu58]. Such a solution is therefore much

more acidic than a solution with the same Zr"
v
concentration prepared from zirconium

oxychloride.

Lactic acid was supplied as an approximately 88% by weight racemic solution in

water (Certified ACS, Fisher Scientific). In order to minimize the presence of polylactic

acid species in subsequent experiments, the 88% solution was diluted to a concentration
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of 1 M or 5 M and the solutions were refluxed by boiling in a round bottom glass flask

fitted with a condenser column for sufficient time to convert essentially all of the

polymeric species to the monomer (see to Chapter 2 for a discussion of the esterification

equilibrium). The effect of refluxing the acid was investigated using potentiometry and

spectroscopic techniques, and will be discussed in the following sections. Solutions that

were refluxed prior to subsequent use in experiments will be noted as such. Solutions

that were not refluxed are identified as freshly diluted.

Bis(trimethylsilyl)lactate was supplied in pure form (Archimica, Inc.). Synthesis

of deuterated lactic acid (CH3
CH(OD)COOD) was performed by reacting 40 mL of this

compound with 20 mL D2
(99%, Cambridge Isotope Laboratories) to yield a two phase

mixture of lactic acid in D
2

and hexamethyldisiloxane according to the reaction:

CH
3
CH(OSiMe3

)COO(SiMe3)
+ D2 O CH,CH(OD)COOD + Me3

SiOSiMe3
.

The reaction was performed in a round bottom glass flask with constant stirring and dry

nitrogen flow to minimize atmospheric H2
contamination. After reacting for sufficient

time, the two phases were allowed to separate and the deuterated lactic acid in D2
was

removed with a separatory funnel. The concentration of the solution was calculated to be

about 44 wt. %.

Tyzor 217 is a commercially supplied aqueous sodium zirconium lactate

compound (DuPont Chemicals) marketed as a crosslinking solution for hydraulic
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fracturing operations [DuP98]. The pH is 7 and the zirconium content is reported as

5.4%.

3.2.2 Potentiometry: Experimental Procedure

3.2.2.1 Automated titrations

Automated titrations were performed using a Metrohm 726 Titroprocessor

(Metrohm Instruments, Herisau, Switzerland) with a 5 mL dosing microburette fitted with

an anti-diffusion tip. A jacketed 100 mL glass beaker was used as the titration vessel in

order to allow the temperature to be accurately controlled via a circulating water bath

(Fisher Isotemp 1028P) to within ±0.1°C. A custom lid assembly was designed and

constructed for this work that allowed the glass beaker to be sealed and nitrogen gas to be

bubbled through the solution before and during the experiments. Airtight ports were

included for a pH electrode, dosing burette, glass thermometer, Pasteur pipette for gas

input, and gas outflow tubing. A nitrogen purge was used to eliminate C02 from the

solution, which can alter the pH by reacting with water to form carbonic acid. The pH

electrode used was a glass combination electrode (Metrohm 6.0233.100).

Experiments consisted of a "dynamic endpoint titration," in which the

instantaneous slope of the titration curve (measured pH vs. volume of added base) is

determined by the instrument and the dosing volume automatically calculated

accordingly. In regions where the slope is low the dosing volume is high, while in

regions of steep slope the dosing volume becomes smaller. This allows for a sufficient

number of data points near the endpoint of the titration without consuming unnecessarily
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large amounts of time in other regions of the curve. Time between titrant doses is

determined automatically based on the amount of instantaneous drift in the pH reading:

titrant is added when either the signal drift has reached a predetermined minimum value

or a maximum allowable time interval has elapsed. These parameters were set to prudent

values depending on the experiment. Titrimetric endpoints were determined by the

instrument using an algorithm based on the first derivative of the titration curve.

Solutions were stirred continuously during the experiments. Nitrogen gas was

bubbled through the sample solutions with the cell sealed for 20 to 30 minutes before the

start of a titration. The pH electrode was calibrated using standard buffers at pH 4.00,

7.00, and 10.00 (Fisher Scientific) at room temperature to determine the slope and

asymmetry potential from the calibration curve.

3.2.2.2 Standardization of reagents

Solutions of alkali (NaOH, KOH) were standardized using primary reference

standard potassium hydrogen phthalate (KHP, Certified ACS, Fisher Scientific). The

KHP was crushed with mortar and pestle and dried at 120-130°C prior to use. A

weighed amount of KHP was dissolved in 50 mL water and titrated to determine the

endpoint. The molarity of the titrant was then determined based on the known mass of

KHP used and the volume of titrant added to reach the equivalence point according to

Equation 3.1, where [OH] is the concentration of the base, m^ is the mass (in grams) of

KHP dissolved in solution, VB is the volume (in mL) of base added to the equivalence

point, and the formula weight ofKHP is 204.23.
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(1000)(m KHP )

rOHl = - 3.1
L J

(VB )(204.23)

Typically five replicate titrations were performed to ensure the statistical

relevance of the results. The reproducibility of the measurements was excellent, with

95% confidence intervals calculated in all cases to be <0.1% of the mean. All

standardized base solutions were found to be within the manufacturer's concentration

specifications (± 0.5% of the nominal value). The actual concentration determined for

each titrant solution will be noted in the results were appropriate, and these values are

used in calculating ligand to metal ratios in each case. Acid solutions were standardized

as needed against the standard base solutions.

3.2.2.3 Titrimetric measurement of lactic acid

The concentration of titratable acidity in lactic acid solutions was investigated by

dynamic endpoint titrations. Stock solutions of lactic acid, at concentrations of 1 M or

5 M based on total lactic acid content, were prepared from the concentrated (-88%)

reagent. These solutions were refluxed for varying amounts of time, from to 21.5

hours. The 1 M lactic acid solutions were diluted in water to give 50 mL 0.01 M

solutions with 0. 1 M KN0
3
as a background electrolyte. The 5 M solutions were diluted

by adding 1 mL to 50 mL water with no background electrolyte. The solutions were then

equilibrated to temperature in the sealed titration cell while stirring and bubbling nitrogen

for about 20 minutes and titrated with a standardized base (0.1 M KOH for diluted 1 M

solutions; 1 M NaOH for diluted 5 M solutions) using the automated titration
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instrumentation and procedures described above. The slow equilibrium for the hydrolysis

reaction means that the 20 minutes of equilibration after the final dilution, during which

time the cell was purged with nitrogen, will have a negligible effect on the concentration

of available acidity. Sample temperatures were maintained at 25°C throughout the

experiments.

Using this technique, the equivalence point of the titration corresponds to the

amount of titratable acidity in solution. The results were used to calculate the overall

concentrations of titratable acidity in the 1 M or 5 M stock solutions which were then

used to determine the extent of polymer-to-monomer conversion as a function of

refluxing time and post-refluxing aging time at room temperature. The results were used

as a basis for establishing sufficient refluxing times to reach the new equilibrium

concentrations which, for these overall lactic acid concentrations, constitutes essentially

complete conversion to free lactic acid.

In addition to the equivalence point of the above titrations, the pKa
of the acid was

determined based on the half neutralization potential (HNP). The HNP is equal to the pH

reading when the volume of added base is exactly one half of the equivalence volume.

3.2.2.4 Titrimetrv of zirconium lactate solutions

Solutions containing a zirconium salt and lactic acid were prepared for titrimetric

analysis. Two different Zr
w

concentrations (0.004 M and 0.04 M) were used with ligand

to metal ratios from 1 to 4. Within a series of solutions, the ligand to metal ratio,

[L]/[Zr
IV

], was varied by holding the Zr
,v

concentration constant and varying the lactic

acid concentration. Reagent volumes were calculated so that the total volume of each
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solution was 50 mL. The general procedure was to add the desired volume of 1.0 M

lactic acid solution to water, and neutralize with an equivalent volume of base to a pH of

approximately 7. To the neutralized lactic acid solution the appropriate amount of 0.2 M

ZrOCl2
solution was added. Addition of the Zr

IV
solution lowered the pH, as indicated by

the starting pH values of the titration curves. The volumes of reagents in each solution

are shown in Table 3.1.

The 0.2 M ZrOCl2
solution was prepared by dissolving ZrOCl

2
'8H

2
in water.

The solution was standardized by thermal gravimetric analysis of hydrous zirconia

precipitated using ammonium hydroxide. The actual concentration of the ZrOCl
2

solution, determined by gravimetric standardization, was 0.198 M. The 1.0 M lactic acid

solution was refluxed for 6.5 hours prior to use. The effective concentration of free lactic

acid, determined by potentiometry, was 1.015 M. The NaOH solutions were standardized

with KHP and found be 0.1000 M and 1.004 M for the nominal 0.1 M and 1.0 M

solutions respectively. These values are used in the present experiments to calculate the

actual number of moles of base added per mole of zirconium.

The above solutions were titrated using the automated titration instrumentation

and procedures described above. Solutions with [Zr
IV

]
= 0.004 M were titrated with

0.100 M NaOH; solutions with [Zr
,v

]
= 0.04 M were titrated with 1.004 M NaOH.

Complete titration times generally ranged from 7 to 10 minutes.
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Table 3.1. Reagent volumes in zirconium lactate solutions

for potentiometry experiments. The quantity [L]/[Zr
IV

] is

equal to the ratio of ligand to metal in solution.

Reagent

Volume (mL)

[L]/[Zr
,v
]=l [L|/[Z r

,v
]=2 [L]/[Zr

,v
l=3 [L]/|Zr

lv
]=4

|Zr
lv]=0.004M

H2
46.8 44.6 42.4 40.2

1.0 M lactic acid 0.2 0.4 0.6 0.8

0.1 MNaOH 2.0 4.0 6.0 8.0

0.2 M ZrOCI2
1.0 1.0 1.0 1.0

[Zr
IV]=0.04M

H,0 36.0 32.0 28.0 24.0

1 .0 M lactic acid 2.0 4.0 6.0 8.0

1 .0 M NaOH 2.0 4.0 6.0 8.0

0.2 M ZrOCl
2

10.0 10.0 10.0 10.0

The effect of extended equilibrium times on the appearance of the titration curves

was investigated by increasing the overall time for a complete titration. This was

accomplished by adjusting the instrument parameter that governs the threshold of

allowable pH signal drift before the next titrant dose can be added. By decreasing this

value, the pH reading must become increasingly steady before the next dose is added,

effectively increasing the time interval between titrant additions and hence the duration of

the overall titration. Four identical solutions with [Zr™] - 0.04 M, [L]/[Zr
lv

] = 2 were

prepared as outlined in Table 3.1 and titrated with 1.004 M NaOH using varying signal

drift criteria to alter the duration of the experiments. Total titration times ranged from 9

minutes to over 300 minutes.
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The very low pH region was investigated in an attempt to observe

potentiometrically the reversible precipitation of zirconium lactate solids. A

[Zr
IV

]
= 0.04 M, [L]/[Zr

IV
]
= 2 solution was prepared as in Table 3.1. This solution was

titrated to approximately pH 7 with 5 M NaOH followed by titration to pH 0.5 with 5 M

HC1. The sequence was then immediately repeated. The acid and base titrant solutions

were not standardized prior to this experiment. No precipitation was observed during this

experiment.

3.2.3 Spectroscopy

3.2.3.1 FT-IR: Experimental procedure

Fourier transform infrared spectroscopy analysis of sample solutions was

performed using a Nicolet Magna IR 760 E.S.P. infrared spectrometer fitted with a

Gemini sampling accessory (Spectra Tech). The attenuated total reflectance (ATR)

technique was used to examine liquids on a horizontally mounted ZnSe ATR trough cell

(Spectra Tech). A few milliliters of sample are placed on top of the flat crystal for

analysis. Background scans of the empty cell were taken prior to each measurement.

Measurements spanned the wavenumber range of 4000 to 650 cm"'. Wavenumbers below

650 cm"
1 were prohibited because of the transmission cutoff of the ZnSe crystal. Each

spectrum consisted of 64 scans.
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3.2.3.2 NMR: Experimental procedure

Proton and
I3C nuclear magnetic resonance measurements were performed on

Varian Unity 300 and Bruker Avance 500 NMR spectrometers.
17 measurements were

performed using the Bruker spectrometer. Samples were analyzed in 5 mm sample

tubes.
5 A reference and lock solution of sodium 3-trimethylsilyl-propionate-2,2,3,3-d4

(TSP) dissolved in D2 (5% TSP) was placed in a glass stem coaxial tube with 2 mm

outside stem diameter,
6 which was inserted into the sample tube. This arrangement

allows for external referencing and locking with no extraneous compounds in contact

with the sample solution. The coaxial sample tubes were spun at 20 Hz in the 300 MHz

instrument but not spun in the 500 MHz instrument. Samples were analyzed at 4°C,

25°C or 27°C. Subambient temperature (4°C) experiments were all performed on the

Bruker spectrometer.

Proton spectra were observed at 299.9 and 500.4 MHz, depending on the

spectrometer used, with spectral widths of 3600 and 6667 Hz, respectively. Pulse widths

were typically 3 us (23° tip angle), with 3-4 s acquisition and 1-2 s delay times. Signals

were averaged over 4 to 1 6 transients.

13C spectra were observed at 75.4 and 125.8 MHz with spectral widths of 20,000

and 30,000 Hz, respectively. Routine measurements were performed using continuous

proton decoupling. Several spectra were obtained without the decoupler on for

comparison. Pulse widths were typically 5 (_is (45° tip angle), with 1 s acquisition times

5 Wilmad 535-PP-7
6 Wilmad WGS-5BL
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and 1-2 s delay times. The probe was tuned prior to analyzing each sample in order to

optimize the carbon signal. Signal averaging used from approximately 200 to 10,000

transients. For selected measurements, a special pulse sequence was used to allow for

quantitative integration of the spectra. Inverse gated decoupling was employed to

minimize nuclear Overhauser effects (nOe) and delay times of up to 1 s were used to

ensure sufficient relaxation of all spins between each pulse.

Natural abundance
l7 and

91
Zr NMR measurements were attempted using the

500 MHz spectrometer. No 91
Zr signals were observed for a zirconium lactate solution.

The acquisition parameters for
17

measurements were: 12 |as pulse, 0.05 s acquisition

time, and 0.05 s delay time. The spectral width was 68,027 Hz. No attempt was made to

subtract the baseline caused by the glass sample tube. Approximately 16,000 transients

were averaged for the spectra.

Two dimensional spectra were obtained using the 500 MHz spectrometer.

Homonuclear and heteronuclear correlation spectroscopy experiments were performed on

zirconium lactate solutions to help identify the coupling of the different signals observed

in the one dimensional proton and carbon spectra. For homonuclear measurements the

spectral width was 3531 Hz and there were 1024 lines in the second dimension. The

same spectral width was used for heteronuclear measurements, with 512 lines in the

second dimension.

3.2.3.3 Preparation of samples for spectroscopic analysis

Lactic acid Aqueous lactic acid solutions were characterized using both IR and

NMR spectroscopy. The effects of pH, concentration, refluxing time, and equilibration
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time were investigated. A series of solutions was prepared at concentrations of 0.05, 0.5,

1.0, and 5.0 moles/L by diluting the as-received reagent in water (no refluxing), and

analyzed with IR spectroscopy. The IR spectra as a function of pH were obtained by

adjusting the pH of 1.0 M solutions of lactic acid using 10 M KOH. The solutions were

allowed to equilibrate for two days after adjusting the pH before performing the analysis.

The final pH values were checked at the time the spectra were acquired, and these values

are reported in the following sections. The pH effect was also observed with NMPv

spectroscopy using two solutions: 1 M lactic acid and 1 M lactic acid adjusted to pH 7

with30%NaOH.

The effect of refluxing was investigated using both IR and NMR spectroscopy to

analyze a freshly prepared 5M lactic acid solution and a similar solution that was refluxed

for 21.5 hours. The first solution is expected to contain significant amounts of condensed

esters (lactoyllactic acid, etc.), while in the second solution these would be present as

only a small percent of all species. The infrared spectra of the two solutions exhibit

negligible differences, showing that IR is not an effective means of observing the

differences in solution. The NMR spectra, on the other hand, exhibit distinct signals

which can be assigned to the free lactic acid and the esters. In addition, the freshly

prepared solution was again analyzed with NMR spectroscopy after 29 days to observe

the effect of aging at room temperature on the hydrolysis of intermolecular esters.

Because the zirconium lactate solutions would vary in overall solution ionic

strength, lactic acid solutions were prepared with an added electrolyte and analyzed to

determine the influence this variable would have on the chemical shifts of lactic acid.
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Sodium chloride was added to 1 M lactic acid solutions at concentrations of 1 and 3

moles per liter of solution.

Deuterated lactic acid (ca. 44% solution), prepared from reaction of

bis(trimethylsilyl)lactate and D
2

(described above), was analyzed using both IR and

NMR spectroscopy.

ZrOCU solution A 2.5 M solution of ZrOCl2
-8H2

was analyzed at 25°C and 4°C

using 'H NMR spectroscopy. The solution was prepared by dissolving the appropriate

mass of zirconium oxychloride octahydrate in water. FT-IR analysis of this solution was

prohibited because of the high acidity of this solution and related compatibility

restrictions of the ZnSe crystal.

Sodium zirconium lactate solutions Aqueous sodium zirconium lactate solutions

were prepared as a function of ligand to metal ratio, pH, and purity of lactic acid with

respect to autoesterification. Zirconium oxychloride octahydrate was used as the

zirconium source in all sample solutions. Sodium hydroxide and hydrochloric acid were

used to regulate solution pH. Sample preparation consisted of the addition of either solid

zirconium oxychloride octahydrate or an aqueous solution of this salt to a solution of

lactic acid that had been neutralized to a pH of approximately 7 with NaOH. This

resulted in a significant drop in pH and the precipitation of a zirconium lactate solid,

which redissolved when the solution was again neutralized with NaOH to a pH of

approximately 7.
7

If further pH adjustments were required, HC1 or NaOH were added as

7
Mixtures prepared in this manner are commonly termed "sodium zirconium lactate" solutions. In the

discussion presented here this will often be truncated for simplicity to "zirconium lactate," but it should be

kept in mind that all of the solutions were prepared as described above.
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necessary. The pH of the solutions was monitored using a solid state ISFET pH

electrode. Final pH values of the prepared solutions were verified with a glass

combination electrode. Solutions were passed through 1.0 or 0.45 urn PTFE filters prior

to spectroscopic analysis. Specific solution preparation conditions are outlined below.

Several practical considerations regarding the preparation of the samples are

worthy of note. Each series of sample solutions was prepared with approximately

constant Zr
IV

concentration, and the lactic acid concentration was varied to obtain the

different [L]/[Zr
IV

] values. The reason for this approach was that a constant Lx

concentration would minimize variations in the solution chemistry due to changes in the

hydrolytic equilibria. The overall concentration of reagent in solution was kept fairly

high to obtain a reasonable spectroscopic signal above the solvent background: Zr
,v

concentrations were approximately 0.5 M. Consequently no attempt was made to

maintain a constant ionic strength, as this would involve prohibitively large

concentrations of additional electrolyte.

Three different series of solutions were prepared using the general method

outlined above. The first two series of solutions were used to examine the effect of

ligand to metal ratio and the influence of unhydrolyzed lactic acid esters (polylactic acid)

on complex formation. Two sets of three 10 mL solutions of lactic acid at concentrations

of 2.5, 3.75, and 5 moles/L were prepared by combining 5 M lactic acid with the

appropriate volume of H2
0. The first three solutions (Series I) used 5 M lactic acid

prepared directly from the concentrated reagent without refluxing; the second three

solutions (Series II) used a 5 M lactic acid solution that was refluxed for 21.5 hours. To
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each lactic acid solution 30% NaOH solution was added to obtain a pH of approximately

7. To the neutralized lactic acid, 5.0 mL 2.5 M ZrOCl 2
solution was added, resulting in

the precipitation of zirconium lactate. The reagent volumes were calculated to give

solutions with [L]/[Zr
IV

] values of 2, 3, and 4. The pH of each slurry was then readjusted

to approximately 7 with 30% NaOH. This final pH adjustment caused complete

dissolution of the precipitated solids with the exception of the [L]/[Zr
,v

]
= 2 solutions, in

which very small amounts of visible suspended solids persisted. Each solution was

passed through a 1.0 um PTFE filter before analysis which removed any trace of

remaining solids. No adjustment to the final volumes was made to compensate for the

varying amounts of NaOH needed to neutralize the acid. The Zr
IV concentrations were

approximately constant.

A third series of sample solutions (Series III) was prepared in order to examine

the influence of pH. Solutions at three [L]/[Zr
,v

] values (2, 3, and 4) and three pH values

(nominally 4, 7, and 9) were prepared, for a total of nine solutions. As before, lactic acid

solutions were prepared by combining 5 M lactic acid (refluxed 7.5 or 7.7 hours) with

water to give the appropriate concentrations. The lactic acid solutions were then titrated

with 5 M NaOH to a pH of approximately 7. The volume of reagents were previously

calculated so that the final volume of the neutralized acid in each case would be 20 mL.

Weighed quantities (4.110 ± 0.005 g) of zirconium oxychloride octahydrate were added

to these solutions while stirring, causing dissolution of the salt but rapid precipitation of a

zirconium lactate compound. The resulting slurries were then titrated to pH 7 with 5 M

NaOH to dissolve the precipitate. As before, the [L]/[Zr
lv

]
= 2 solutions did not achieve



61

complete clarity, retaining small amounts of undissolved solids at pH 7 such that the

solutions were very slightly turbid. The pH of the solutions were then adjusted with 5 M

HC1 or 5 M NaOH to the nominal values of 4, 7, and 9. Appropriate amounts of water

were then added to each solution as necessary to normalize all of the volumes, giving a

constant Zr
IV concentration for all solutions of 0.5 moles per liter of added solution (does

not take into consideration the volume of added solids). The final solution pH values

were measured with a glass combination electrode and rechecked 4-6 days later. The

solutions were passed through 0.45 urn PTFE filters prior to analysis. Table 3.2

summarizes the ligand to metal ratio, pH, and Zr
IV concentration for the solutions

described above.

Because aging of the 2.5 M ZrOCl, solution (used in Series I and II) may change

the state of zirconium ions via hydrolysis, the zirconium salt was added directly to

solutions of lactic acid in Series III preparations (described above) in order to determine

if this had an appreciable effect on the nature of the complexes. It should be noted that

commercial compounds such as Tyzor 217 are also prepared using the technique

employed here for Series III solutions; i.e., addition of the solid zirconium halide salt to

concentrated lactic acid.
8

Specific manufacturing conditions for Tyzor 217 are not known

by the author.

8
Private communication, DuPont Specialty Chemicals.
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Table 3.2. Data for sodium zirconium lactate solutions

prepared for spectroscopic analysis.

Solution

Series or ID

[Ll/[Zr
,v

]
pH [Zr'

v
]

(moles/L)

2 6.5 0.43

Series I 3

4

6.9

6.8

0.57

0.54

2 7.2 0.61

Series II 3

4

6.9

6.8

0.57

0.53

2 4.4 0.50

2 6.9 0.50

2 8.4 0.50

3 4.1 0.50

Series III 3

3

7.2

8.7

0.50

0.50

4 4.2 0.50

4 7.4 0.50

4 9.1

7.8

0.50

tB5-S* -2-3

1

A3-S* 4t 8.4 +

* Solutions prepared by dissolving solid zirconium

lactate complexes.

t Ligand to metal ratios in solution implied from

analysis of the solid compounds.

X [Zr
,v

] not directly determined.

A separate route to preparing sodium zirconium lactate solutions consisted of the

dissolution of a solid zirconium lactate compound in water or deuterium oxide. The

preparation and characterization of the precipitates used in the preparation of these

solutions are discussed in detail in Chapter 4. These compounds are generally only

sparingly soluble in water, but will dissolve readily with the addition of a base. The first

solution was prepared by adding 2.00 g of sample A3 (see Chapter 4) to 10 mL H2
0.

After titrating with 30% NaOH to approximately pH 7.8 only a slight trace of solids was

visible in the solution. The solution was passed through a 1.0 um PTFE filter prior to

analysis. This solution is designated A3-S (see Table 3.2). The solid used in the
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preparation of this solution was a hydroxy zirconium lactate compound with a lactate to

zirconium ratio of 2.9.

The second solution was prepared by adding 0.505 g of sample B5 to 1 mL D
2

and titrating to approximately pD 8.4 (uncorrected for deuterium shift) with 30% NaOD.

Again there was only a trace of solids in solution. The solution was passed through a

0.45 urn filter prior to analysis. This solution is designated B5-S (see Table 3.2). The

solid dissolved to prepare this solution was zirconium tetralactate compound with a

lactate to zirconium ratio of 3.9. The reader is referred to Chapter 4 for the analysis of

the solids used in this portion of the solution chemistry study.

Tyzor 217 was analyzed without dilution using 'H and
,3C NMR spectroscopy.

3.3 Results and Discussion

The experimental results of the potentiometric and spectroscopic characterization

of lactic acid will be presented first. Results from the zirconium lactate solutions will be

presented and discussed subsequently. Discussion will focus on the results from each

characterization technique separately, followed by conclusions that will compare the

results.

3.3.1 Lactic Acid

3.3.1.1 Potentiometry

Titration of lactic acid solutions revealed the effect of both the refluxing duration

and the room temperature aging time of the stock solution on the amount of titratable
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acidity in solution. Figure 3.1 shows the titratable acidity (expressed as a fraction of the

total acidity) as a function of refluxing time (see Appendix A for a definition of these

terms and the basis for their calculation). Individual data points are labeled with the

aging times. For unrefluxed (0 hours reflux) solutions, this is measured from the time the

solution was prepared by diluting the concentrated (-88%) reagent solution. For refluxed

solutions, the aging time is equal to the elapsed time after refluxing was completed.

The increase in titratable acidity with both increased refluxing time and aging

time is a result of the hydrolysis of intermolecular esters to produce the lactic acid

monomer (see Chapter 2 for a discussion of this equilibrium). As the slope of the plotted

data decreases to zero, it is evident that equilibrium has been reached and no further

hydrolysis of ester linkages is taking place. The data indicate that 7 hours of refluxing is

sufficient to reach the new equilibrium state. Based on this result, reflux times of

approximately 7 hours or more were used to prepare solutions essentially free of

intermolecular esters when necessary.

The pKa
values of the 1 M lactic acid solutions represented in Figure 3.1 were

determined as described above. The results are presented as a function of the refluxing

and aging times in Table 3.3 and agree well with values determined in previous studies

using similar conditions of temperature and ionic strength (see Chapter 2, Table 2.1).
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Table 3.3. Experimentally determined pKa
values for lactic

acid.

Reflux time Aging time Titratable acid pK
a

(hours) (hours) fraction

o 48 0.844 3.593 (±0.270)

865 0.976 3.694 (±0.000)

2 48 0.964 3.687 (±0.016)

2 142 0.972 3.764 (±0.013)

2 1030 1.002 3.762 (±0.007)

65 22 1.015 3.778 (±0.020)

6.5 864 1.018 3.765 (±0.000)

3.3.1.2 Spectroscopy

Infrared The FT-IR spectra of lactic acid solutions as a function of concentration

are shown in Figure 3.2. This series of spectra demonstrates the extent to which the

H-O-H bending mode of water at -1640 cm"
1 obscures the carbonyl stretching vibration.

At concentrations lower than 5 M, the carbonyl stretch (-1720 cm"
1

) is evident only as a

weak shoulder on the water band. For the most part, the region above 3000 cm"' is

completely dominated by the very strong O-H stretching absorption of water, obscuring

the CH3
and CH stretching bands of lactic acid that occur around 2800-3000 cm"

1

(not

shown). For this reason the following spectral analyses of lactic acid or zirconium lactate

solutions will be confined to the region below 2000 cm"
1

.

Figure 3.3 shows the spectra from 2000-800 cm"
1 of 1 M lactic acid solutions that

have been pH adjusted using concentrated KOH. The spectrum of pure water has been

subtracted to accentuate the carbonyl region. While this procedure should be used with

caution, particularly when one requires accurate peak integral areas or peak positions, it is
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useful in the present case to highlight the progression of acid dissociation as the pH is

raised from 1.9 to 7.2 and to identify important absorptions. In general, only those

absorption bands that lie in the vicinity of the water band at 1640 cm"
1

will be slightly

shifted when comparing a water-subtracted spectrum with the original; other regions are

unaffected. In the spectra presented here, most band locations exhibited no change after

subtraction. Only the asymmetrical carbonyl stretching vibration at approximately

1577 cm"
1 showed a change greater than 2 cm"

1 upon subtraction. The location of this

band prior to subtraction was 1586 cm
-

.

Cassanas et al. [Cas91] have reported the Raman and IR spectra of lactic acid and

lactate ion (prepared as aqueous solutions of sodium lactate) and have proposed

vibrational assignments for the observed bands. Table 3.4 lists their band assignments in

the region -800-1800 cm"
1

. The notation of Cassanas et al. are used in assigning IR

bands in this and subsequent chapters (see Appendix B for a list of symbols used in the

discussion of IR data). Infrared studies of lactic acid have shown that there is a tendency

toward intermolecular associations via hydrogen bonding. More specifically, the

associations are believed to occur between two carboxyl groups or two hydroxyl groups

of neighboring molecules, but not between a hydroxyl and carboxyl group [Cas91].

Bands associated with these intermolecular hydrogen bonds are observed in IR spectra of

lactic acid and are noted in Table 3.4.



Table 3.4. IR band assignments for lactic acid and lactate

ion in aqueous solution. From Cassanas et al. [Cas91].
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Lactic acid Lactate ion

Wavenumber Assignment Wavenum ber Assignment

(cm 1

)
(cm 1

)

1725 s vC=0 1585 vs V.CO*'

1475 sh 5
as
CH

3
1470 sh S^CH,

1455 m 5„CH3
1455 m 8„CH,

1420 m [6ACOH+vACCO] 1420 s v.CCV

1380 m 5
S
CH

3 , 50Ha 1390 sh SalOH"

1335 m 5CH 1370 m 8
5
CH

3

1285 s 8ALOH
b 1320 m 6CH

1240 s [vACCO+6ACOH] 1280 sh 5CH

1130vs rCH
3 , vALCO" 1270 m S^OH"

1090 m vALCO
b 1125vs rCH

3 , vALCO
a

1050 s vC-CHj 1090 m ValCO"

930 m rCH
3

1045 s

930 m
860 m

vC-CH
3

rCH
3

vC-COj-

Band intensity: vs = very strong; s = strong; m = medium; sh = shoulder

Subscripts: s = symmetric; as = asymmetric; AL = alcohol; AC = acid.

Deformations: v = stretching; 5 = in-plane bending or deformation; r = rocking.

a Intermolecular hydrogen bond.

b Solvated OH.

The most obvious transitions in Figure 3.3 are (i) the appearance of the symmetric

(v
s
COO) and asymmetric (v

as
COO) stretching vibrations of the dissociated acid at 1416

and 1577 cm 1

, respectively, in place ofvCOOH (1726 cm"
1

) as the pH is raised above the

pK
a , and (ii) the disappearance of a band at 1236 cm"

1

that represents the coupling of

vACCO and 5ACOH modes of the associated acid. A weak band at 825 cm"
1

at pH 1.9 is

assigned to the vC-COOH vibration and is replaced by the vC-COO band of the

dissociated acid at 854 cm"
1

.

NMR The 'H and
13C spectra of lactic acid and lactate ion are shown in Figures

3.4 and 3.5. (All "H and
13C NMR spectra in this work are referenced to the TSP signal at



68

ppm.) The 5 M lactic acid solution was refluxed for 22 hours prior to analysis. The

chemical shifts of the signals are given in Table 3.5. The chemical shifts reported for the

proton multiplets (see Figure 3.4) are taken as the averages of all signals. Transition from

the associated to ionized acid causes a slight upfield shift in both of the proton signals

and a slight downfield shift in the carbonyl (COO) and methine
9 (CH(OH)) carbon

signals. The methyl (CH
3)

carbon signal is minimally affected by dissociation of the

acid, shifting downfield by only about 0.8 ppm. The changes in
lH chemical shifts from

the acid to the ion vary only slightly from values published previously [Dil80].

Table 3.5. Proton and
13C chemical shifts of lactic acid and

lactate ion (in ppm).

'H

CH
3

CH(OH)

CH
3

CH(OH)
COO

Lactic acid Lactate ion

1.432

4.395

22.27

69.38

181.22

1.296

4.085

23.06

71.39

185.28

NMR spectroscopy could be used to follow the hydrolysis of intermolecular esters

upon dilution of the concentrated lactic acid solution. Figures 3.6 and 3.7 show the 'H

13C and spectra of 5 M lactic acid solutions and the effect of aging. The 5 M solution was

9
In this discussionion, the term "methine" is used to indicate the CH group that is bonded to the alcohol OH
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analyzed 9 hours after dilution from the concentrated reagent and again at 29 days. The

chemical shifts corresponding to polylactic acid impurities are most noticeable for the

fresh (9 hours) solution. In the 'H spectrum, two overlapping methine quartets at 4.495

and 4.503 ppm are shifted slightly downfield from the main signal at 4.395 ppm.

Integration of these signals shows that they account for about 20% of the total CH(OH)

groups in solution. In the methyl region, there are three downfield shifted doublets at

1.473, 1.458, and 1.546 ppm. After 29 days of equilibrium the signals corresponding to

intermolecular esters have decreased precipitously and the spectrum of lactic acid is very

similar to that of the refluxed solution (Figure 3.4).

All three regions of the
13C spectrum of the freshly prepared solution show

additional signals due to intermolecular esters. These signals appear at 19.02 (CH
3),

73.06 (CH(OH)), and 177.27 and 178.23 ppm (COO) (Figure 3.7). Similar to the proton

spectrum, these signals are drastically reduced after aging the diluted solution for one

month.

Figures 3.6 and 3.7 demonstrate the effect that both refluxing for several hours

and room temperature aging for several weeks have in reducing the amount of polylactic

acid impurities in solution via hydrolysis of the ester linkages as discussed in Chapter 2.

Small quantities of impurities are visible even in refluxed and 29-day equilibrated

solutions, which should be expected based on the equilibrium phase diagram for the

aqueous lactic acid system presented in Chapter 2 (Figure 2.6). From this diagram we

of lactic acid (CH(OH)). After Nunes et al. [Nun82].
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can determine graphically that for a 5 M (-53% by weight) solution of lactic acid the

equilibrium concentration of polylactic acids is -3%.

The lH and
13C spectra of deuterated lactic acid in D 2

are presented in Figure

3.8. The chemical shifts are essentially the same as those of the protonated analogue.

The results confirm the structure of the synthesized compound.

The effect of solution ionic strength on the chemical shifts of lactic acid was

minor as the concentration of sodium chloride was increased to up to ~3 moles/L. In the

proton spectra, both the methyl and methine signals shifted upfield by 0.14 ppm and

0.11 ppm, respectively. In the
13C spectrum, the methyl carbon signal shifted downfield

by 0.19 ppm, while the carbonyl and methine carbon signals shifted upfield by 0.15 ppm.

3.3.2 ZrOCU Solution

The proton spectra of 2.5 M zirconium oxychloride in water at 25°C and 4°C are

shown in Figure 3.9. There is a broad signal at 7.78 ppm (at 25°C) in addition to the

signals from bulk water (5.21 ppm) and the reference/lock solution (4.78 ppm). These

values shift to 7.83, 5.33, and 5.02 ppm, respectively, at 4°C. Several much weaker

signals are also visible in the region between 5.2 and 7.8 ppm. When the temperature of

the solution is decreased to 4°C the higher frequency signal (7.83 ppm) becomes more

narrow and additional weak signals between 7.4 and 8.9 ppm are resolved. At 25°C the

ratio of the integrals of the large solvent signal (5.21 ppm) to the smaller signal

(7.78 ppm) is 28.1:1. This changes to 23.4:1 at4°C.

Proton signals shifted downfield from bulk water have been previously observed

in aqueous solutions of zirconyl salts and have been assigned to water molecules
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coordinated to zirconium ions in the tetrameric cation [Fra73, Abe93]. Based on the

integrals of the coordinated and bulk water signals, the ratio of coordinated protons to

zirconium (H/Zr) in the present study is approximately 1 .4 at 25°C. The ratio increases to

1 .7 at 4°C. Aberg and Glaser [Abe93] observed a single peak at 7.9 ppm—very close to

the value of 7.78 ppm observed here—and they calculated H/Zr values of approximately

2.0 in 2.2 M ZrO(C104) 2
solutions, with a slight increase as solution temperature was

lowered. The lower ratio observed in the present study could be due to an increased

ability of CI" ions versus C104
" to coordinate to zirconium in solution which could cause a

displacement of coordinated water around the zirconium tetramer. A similar type of

water displacement has been observed with N0
3
" ions [Fra73, Abe93].

It is worth noting that the decrease in temperature from 25°C to 4°C has the effect

of narrowing the signal due to coordinated water at -7.8 ppm, while broadening the bulk

water signal at -5.2 ppm. The difference can be explained by the fact that the

coordinated water signal is exchange broadened and a decrease in temperature decreases

the exchange rate, resulting in a more narrow signal. The free solvent band, on the other

hand, is broadened at the lower temperature because of the increased viscosity of the

solvent.

The multiple small signals in the region 5-9 ppm are interesting and have not

been reported previously. It is possible that they are due to terminal hydroxyls or water

coordinated to species other than the predominant tetrameric cation. Thus the number of

weak signals could be an indication of the various less-abundant hydrolyzed cations of

the formula Zr
x
(OH)

y
(H

20)n

(4xy)+
, including octameric (x = 8) or higher order

agglomerates as well as mononuclear species (x= 1), that are present in equilibrium in
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the solution at this particular Zr
lv and hydrogen ion concentration. The small intensity

relative to the coordinated water signal suggests that they are not due to bridging OH

groups of the tetrameric cation, as the abundance would be of a magnitude similar to the

coordinated water.

3.3.3 Potentiometry of Zirconium Lactate Solutions

The titration curves for zirconium lactate solutions at 25°C as a function of ligand

to metal ratio are shown in Figures 3.10 and 3.1 1. The moles of base added per mole of

metal ion is indicated by the quantity a. The curves have only one broad inflection point

between the starting and final volumes. Solutions with [L]/[Zr
IV

] > 2 at both Zr™

concentrations exhibited a discontinuous step in the curve between about pH 8 and 10.

No precipitation was observed in the [Zr
,v

]
= 0.004 M solutions up to pH values

of over 1 1 during the time frame of the titration. In contrast, precipitation was observed

in the [Zr
,v

]
= 0.04 M solutions, with the onset occurring sooner in solutions with lower

ligand to metal ratios: The first sign of a visible precipitate in the [L]/[Zr
lv

]
= 1 solution

occurred during the titration at a pH of approximately 10 to 1 1, while the [L]/[Zr
,v

]
= 4

solution only exhibited visible signs of precipitation about an hour after the titration was

complete (pH -12). This behavior demonstrates the ability of lactic acid to inhibit the

usually rapid precipitation of zirconium hydroxide at elevated pH.

The effect of increasing the equilibration time between data points is shown in

Figure 3.12 for solutions with [L]/[Zr
lv

] - 2 and [Zr
,v

]
= 0.04 M. An interesting result of

increasing the duration of the titration was the disappearance of the incongruous step that

occurred near pH 9 in titration curves with shorter equilibration times. Attempts to
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extend the titration times beyond several hours resulted in the eventual appearance of

irregular data points at alkaline pH after ~4 hours (data not shown).

Information regarding specific ionic species is not available from the data

presented based on the lack of individual stepwise inflection points. This may be due to

slow equilibria in solution. Approximately two moles of base per mole of zirconium ion

are required to completely neutralize the solutions. The cause of the discontinuous step

in the curves which disappears at longer titration times is uncertain.

The curve from the reversible titration performed from pH 0.5 to 7 contained no

inflections (data not shown). The lack of precipitation at such low pH values

demonstrates to some extent the concentration dependence of this behavior, as solutions

with higher concentration ([Zr
,v

] * 0.5 M) precipitate readily at a pH of -3-4. The

titration described here obviously occurred on a much faster time scale than the chemical

equilibrium in solution. The time for one segment of the titration (low to high pH or high

to low) was around 5 minutes.

3.3.4 Infrared Spectroscopy of Zirconium Lactate Solutions

Because of the large interference of the solvent OH stretching absorption around

3400-2800 cm"
1

, the analyses presented here will focus on the region 2000-700 cm"
1

.

Water also absorbs at -1640 cm"
1

due to the bending deformation and below 1000 cm"
1

due to librational (hindered rotation) modes [Eis69]. In order to better observe the bands

from the sample that are partially obscured by the these solvent absorptions, difference

spectra were obtained by subtracting the spectrum of pure water from the sample spectra.

An example of the procedure is illustrated in Figure 3.13. This procedure allows the
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asymmetric carbonyl stretching band at -1600 cm'
1 and several weak bands below

1000 cm'
1

to be better observed. While such a subtraction necessarily introduces some

degree of uncertainty with regard to subsequent quantitative analyses [Gri86], it is useful

in the present case to identify obscured vibrational frequencies.

The IR spectra of each series of solutions (Series I, II, and III) were found to be

quite similar and the results presented here have therefore been restricted to Series III

solutions, as these demonstrate the effect of both ligand to metal ratio and pH. An

example of a difference spectrum is shown in the lower portion of Figure 3.13. It is clear

from the data that there is little or no associated (protonated) lactic acid in the zirconium

lactate solutions, based on the absence of a band at 1725 cm'
1 (vCOOH) and 1240 cm'

1

(vACCO + 6ACOH), both characteristic of the protonated acid group. This result is not

unexpected given that all of the pH ranges investigated are above the pKa
of lactic acid

and that lactic acid is likely to be coordinated to zirconium through a dissociated

carboxylic acid group.

The main features of the IR spectra are similar for all of the samples analyzed, but

several subtle differences which provide information relevant to the solution state of the

complex (or complexes) are examined in more detail. The three regions on which the

interpretation will focus are: (1) 900-830 cm
1

, which includes the vC-COO band of lactic

acid and the lactate ion; (2) 1080-1020 cm'
1

, which includes the vC-CH3
band; and (3)

the asymmetric (-1600 cm'
1

) and symmetric (-1400 cm'
1

) carbonyl stretching bands (see

Figure 3.13).
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Figure 3.14 shows a comparison of regions (1) and (2), both of which exhibit

similar behavior as a function of ligand to metal ratio and solution pH. In region (1) there

is a single peak at -876 cm"
1

at low [L]/[Zr
IV

] and low pH. Upon increasing the pH and

concentration of ligand in solution a shoulder appears at lower frequency which

eventually becomes a separate peak at -856 cm"
1

. At pH 9, both peaks are present at all

[L]/[Zr
lv

] values; at pH 7 a second peak is only present at [L]/[Zr
IV

] - 4. Region (2)

exhibits the same behavior, with the initial peak located at -1058 cm"' and the second

peak at -1042 cm'
1

.

A possible explanation of the observed behavior in region (1) is that the higher

frequency band (876 cm-
1

) that dominates at low pH and low [Lj/fZr™] is due to

coordinated lactate, while the lower frequency (856 cm'
1

) band is due to free lactate.

Similar magnitude displacements have been observed previously for carboxylate ligands.

Quiles and Burneau [Qui98] recently examined the vibrational spectra of copper acetate,

including the strong vC-COO Raman bands (928 cm'
1

for free acetate). They found that

this band shifted to higher frequency when the ligand was complexed with copper, with a

bidentate acetate coordination (Figure 3.15) assuming a higher value (948 cm'
1

) than

unidentate coordination (938 cm"
1

). In the present case the carboxylate group is likely to

be unidentate coordinated to zirconium. While the additional coordination of the hydroxy

group might be expected to also affect the vC-COO frequency, the shift to higher

frequency upon metal coordination in the copper-acetate system suggests that a similar

effect is demonstrated here. The author is not aware of any other studies that focus on the

vC-COO mode as a probe for investigating metal coordination in acetate systems, much
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less for bidentate ligands such as a-hydroxy acids. An alternate assignment for the band

that appears at 856 cm-1

is that of a ZrOH deformation. The former explanation is

favored based on examination of the remaining data that follows.

Similar to the discussion above for the vC-COO bands in region (1), it is possible

that the single band at 1058 cm"
1

in region (2) corresponds to coordinated lactate, while

the second band at 1042 cm"
1

corresponds to free lactate. However, it seems unlikely that

such a significant shift would occur in a relatively remote bond (C-CH
3),

particularly in

light of the fact that the alcoholic C-0 stretching frequencies at -1124 and -1091 cm"
1

,

which are closer to the Zr-0 coordinated bond, appear to be unaffected.

A second explanation of the observed bands in this region is again ZrOH

deformations. Nakamoto [Nak86] discusses hydroxo complexes of metals and lists the

values of MOH bending modes for several specific examples, including Sn(OH)6
and

Pt(OH)6 at 1150 and 1065 cm"
1

, respectively. There is also mention of the OH bending

modes of bridging hydroxyls at 955 cm"
1

in a binuclear copper complex. Burkov et al.

[Bur82] presented IR and Raman spectral data of zirconium oxychloride solutions and

crystalline ZrOCl2
»8H

2
and assigned several bands between 700-1050 cm"

1

in the solid

and a broad band at 1000 cm"
1

in the solution to 6ZrOH modes. Tosan et al. [Tos94] list

the frequencies for 5ZrOH bands at 1018 and 915cm" 1

for a ZrOCl2
solution. In a

separate study Tosan et al. [Tos93b] showed an IR band of a hydrolyzed zirconium salt

solution at 966 cm"
1

that was assigned to a ZrOH bending vibration. Additionally, Fay

[Fay87] reviewed previous studies that demonstrated bands in the region 910-1030 cm"
1

that corresponded to 8ZrOH vibrations of hydroxide bridging species.
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It should be noted that the second band that appears at -1042 cm"
1

also increases

with increasing ligand concentration (compare curves in Figure 3.14 for solutions at

similar pH but different lactate to zirconium ratio), a result that contradicts the notion that

this band is due to a terminal hydroxyl deformation. If this were so, the band would be

expected to be more prevalent in solutions with lower ligand concentration, as this would

tend to provide more favorable conditions for reaction of the metal with OH. In other

words, lower ligand concentrations would mean less competition for OH groups to

coordinate to zirconium, while higher ligand concentrations tend to stabilize aqueous

zirconium against hydrolysis. It is therefore difficult to say which of the two hypotheses

presented above is preferred for the interpretation of the observed behavior in region (2).

Region (3), containing the COO stretching modes, is shown for all samples as a

function of [L]/[Zr
lv

] and pH in Figure 3.16. The band observed in the region of the

v
s
COO mode (-1400 cm"

1

) appears to be the combination of two adjacent bands that are

never individually resolved because of their close proximity. The shift from one to the

other as the dominant band appears to be primarily pH dependent. The high frequency

character of this combined band is most evident in the spectrum of the [L]/[Zr
IV

]
- 4,

pH 9.1 solution, while the lower frequency character is dominant in the pH 4 solutions.

The location of the maximum of this band for [L]/[Zr
IV

]
= 4 solutions is 1410 cm"

1

at

pH 9.1 and 1391 cm"
1

at pH 4.2.

Curve fitting this region of the spectra helps to illustrate the convolution of these

two adjacent bands. An example of the fitting procedure, using a Voight function, is

shown in Figure 3.17 for the [L]/[Zr
,v

]
= 4, pH 9.1 solution. The results show that the
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two convoluted bands are located at approximately 1410 cm"
1 and 1388 cm"

1

(+ 2 cm
1

).

The frequencies of the two bands do not appear to shift as a function of [L]/[Zr
IV

]
or pH.

Quantitative analysis of the two bands is not practical due to the spectral acquisition

technique used (attenuated total reflection) and the strong solvent absorption.

Attempts to fit the bands in the region of the v
as
COO vibration (-1600 cm'

1

)

produced unsatisfactory results. The full width at half height (FWHH) of the bending

mode of water is about 88 cm"
1

, while the FWHH of vas
COO for free lactate (see Figure

3.3) is 54 cm'
1

. Considering that there are most likely three bands in this region,

corresponding to the water deformation and the v
as
COO modes for free and coordinated

lactate, all within -60 cm"
1

, it becomes impossible to resolve the individual bands. The

subtraction of the water spectrum essentially removes the effects of the solvent band at

1640 cm"
1

, but the remaining band at -1600 cm"
1

should be considered a convolution of

two bands that correspond to the two types of ligand.

The spectral data of the symmetric COO (-1400 cm"
1

) stretching region suggest

several conclusions. One possible explanation is that the two competing bands

correspond to free lactate (-1410 cm"
1

) and coordinated lactate (-1390 cm"
1

). It is well

established that unidentate coordination of carboxyl functionalities (Figure 3.15(b))

typically results in an upward shift in the frequency of the asymmetric stretching mode

and a downward shift in the frequency of the symmetric stretching mode [Dea80, She93,

Kak87, Nak86, Tac89]. For example, Kakihana et al. [Kak87] reported a shift of +25 and

-29 cm"
1

for v
as
COO and v

s
COO, respectively, for lactate complexes of U02

2+
.

The

observed frequency shifts were explained in terms of the effects of coordination on three
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simple force constants for the COO group based on a normal coordinate analysis.

Molecular orbital calculations have also recently been applied to explain the frequency

shifts of coordinated carboxylate [Nar96]. The variation in the COO vibrational

frequencies were found to be due to changes in both the OCO bond angle and the C-0

bond length that result from ionization of the acid and subsequent coordination to a metal.

The v
as
COO mode for free lactate is located at 1416 cm"

1

, which is close to the higher

frequency band observed in the present study (Figure 3.16). A subsequent shift to

-1390 cm"
1

is roughly what would be expected upon coordination if the values reported

for the U0
2

2+
-lactate system [Kak87] are taken as an approximation. A similar

magnitude shift of the free lactate vasCOO band to higher frequency upon complexation

would be rather difficult to detect, as the shift is much smaller than the half width of the

band.

As a result of the shift in COO stretching frequencies, an important associated

parameter that is fundamentally related to the coordination mode of the carboxyl group is

the overall difference in the asymmetric and symmetric frequencies, Av (Av = v
as

- v
s).

In

general, bidentate carboxyl groups in which both oxygen atoms bond to a single metal ion

(Figure 3.15 (a)) tend to show Av values smaller than those for the free carboxylate ion,

while unidentate carboxylate groups show Av values that are higher than the free ion

[Dea80]. The Av values for coordinated lactate in the present study were calculated using

an estimate of 1390 cm"
1

for v
s
COO (the approximate location of the lower frequency

band) and taking v
as
COO frequencies for each spectrum from the observed maximum of

that band (values rang from 1578-1608 cm"
1

). The results using these approximations
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show that Av ranges from 188-218 cm"
1

. These values are somewhat lower than the

value of 226 cm"
1

for lactate complexes ofU02

2+
[Kak87], but are larger than the value of

165 cm"
1

determined for free lactate and therefore clearly indicate unidentate coordination

of the carboxylate group.

A second explanation for the two competing bands in the region 1415-1380 cm"

is the presence of an OH deformation band at 1390 cm"
1

of lactate coordinated to

zirconium. This band has been identified previously [Cas91] and assigned to the

deformation of the alcohol group that participates in a hydrogen bond with a neighboring

lactate ion. Goulden [Gou60a] noted a band assigned to SOH located at 1390 cm"
1

in

solutions of bivalent metal lactates that varied in intensity depending on the specific

metal ion. The intensity increased with the stability of the metal-lactate complex. It

should be noted, however, that in the present study there was no evidence of a band or

shoulder at 1390 cm"
1

in the spectrum of the lactate ion.

The IR spectrum of the solution prepared by dissolving a zirconium tetralactate

compound in D
2

(B5-S) is shown in Figure 3.18 compared to an aqueous solution under

similar conditions. The spectrum of pure D
2

has been subtracted from the sample

spectrum, minimizing the strong band due to the DOD bending mode at 1200 cm"
1

. The

v
asCOO and v

s
COO bands are located at 1586 and 1416 cm"

1

respectively. Region (1) in

this spectrum is similar to that of the aqueous solution with [L]/[Zr
IV

]
= 4 and pH 9. 1

,

with bands at 877 and 852 cm"
1

. Region (2), however, contains only one prominent band

at 1058 cm" 1

, in contrast to two bands observed in the aqueous samples (Figure 3.14).

This notable absence supports the assignment of the lower frequency band observed in
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the aqueous solutions (-1042 cm-1

) to a ZrOH deformation, since this band would be

displaced to lower frequencies in deuterated solution. However, no corresponding

8ZrOD band is observed shifted to approximately 800 cm"
1

as would be expected, and

two very weak bands at -1030 cm"
1

and -1007 cm"
1

for the deuterated solution are cause

for caution in making such an assignment.

The v
s
COO band at 1416 cm"

1

in the spectrum of the deuterated solution (Figure

3.18) is much more symmetric than observed for the aqueous zirconium lactate solutions

(Figure 3.18 (a) and Figure 3.16) and appears to be only a single band instead of two

adjacent, overlapping bands. There is evidence of only a very weak shoulder at

-1400 cm"
1

, in contrast to the aqueous solutions. The main band at 1416 cm'
1

is clearly

due to free lactate. However, the lack of an adjacent band near 1390 cm"
1

assigned

previously to coordinated lactate as in the aqueous solution spectra (Figure 3.18 (b)),

suggests that the assignment of this lower frequency band to the v
s
COO vibration of

coordinated lactate is incorrect. Were this assignment correct, the results would indicate

that the deuterated solution B5-S contains much less coordinated lactate than the aqueous

solutions. This conclusion is convincingly refuted by the NMR data discussed in the next

section. If the band at 1390 cm"
1

is not due to the v
s
COO vibration, the alternative

assignment to an OH deformation (see discussion above) is again considered. In the

deuterated solution this band would be expected to shift to approximately 1000-

1 100 cm"
1

. However, there appear to be no additional strong bands in this region of the

spectrum of the deuterated solution (Figure 3.18) that would indicate such a shift. It
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appears, then, that there is not sufficient evidence to accurately assign the band observed

at 1390 cm"
1

for the aqueous solutions.

The IR data discussed above indicate that the coordination of lactate to zirconium

is dependent on the pH and the solution composition. The participation of the

carboxylate group in coordination to the metal is indicated, but unequivocal evidence for

similar coordination of the hydroxyl group is not observed. The appearance of signals

that are assigned to free lactate increase as the ratio of ligand to metal concentrations in

solution increases. This indicates that the excess ligand tends to be present in solution as

uncoordinated lactate. However, free lactate signals also increase at higher pH, which

seems to indicate that previously bound ligands are increasingly displaced. Contradictory

data relating to several of the observed pH dependent changes (regions 2 and 3) make

assignment of these bands difficult.

3.3.5 NMR Spectroscopy of Zirconium Lactate Solutions

3.3.5.1 Proton NMR

An example proton spectrum of a zirconium lactate solution is shown in

Figure 3.19. The methyl protons (CH
3 ) are represented by a broad region between

approximately 1.0 and 1.5 ppm, with a strong doublet at -1.2-1.3 ppm and several other

weaker signals shifted to lower or higher fields. The methine proton (CH(OH)) chemical

shift is approximately 4.0^1.1 ppm (at pH 7), and ranges in shape from a resolved quartet

to a broad singlet depending on the solution conditions. The strong solvent signal

dominates the region between approximately 4.3 and 5.0 ppm and is centered near
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4.6 ppm. Spinning side bands are observed separated from the main signal at -20 Hz

intervals on spectra obtained with the 300 MHz spectrometer. The consistent sharp signal

at -4.76 present in all spectra is due to a small amount of HDO impurity present in the

inner coaxial tube containing the reference/lock solution (5% TSP in D
20). The methyl

and methine regions will be examined in more detail in the following figures.

Figures 3.20 and 3.21 show the spectra of the methyl and methine regions as a

function of [L]/[Zr'
v
] for the Series I and II solutions, prepared with freshly diluted and

refluxed 5 M lactic acid, respectively.
10

Several notable features of these spectra are

worth pointing out. The most intense methyl doublet shifts slightly upfield with

increasing [L]/[Zr
IV

], from 1.22 to 1.24 ppm for both series of solutions. Both the largest

methyl doublet and the methine quartet diminish in relative intensity compared with the

other methyl signals as [L]/[Zr
lv

] is decreased from 4 to 2, and the methine quartet

becomes increasingly broad. Also, the second most intense methyl doublet, shifted

0.11 ppm downfield from the main signal, is much more intense in solutions prepared

with freshly diluted lactic acid (Series I). As these solutions are aged over several weeks

this second methyl doublet decreases in intensity while the remaining signals are

unaffected (data not shown). Close inspection of the methyl regions for solutions

prepared with refluxed lactic acid (Figure 3.21) reveals at least 2 overlapping doublets in

addition to the strong signal at -1.2 ppm, and possibly as many as 3 less resolved

doublets of much lower intensity. Solutions prepared with as-diluted lactic acid also

10
In all figures comparing the 'H or

13C spectra of several sodium zirconium lactate solutions, the j-scale

of each spectrum is normalized such that the intensities of the external reference (TSP) signal at ppm are

equivalent.
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show 2 resolved overlapping doublets shifted downfield from the main signal, but

additional weaker signals are difficult to discern.

Figures 3.22 and 3.23 show the effect of pH on the 'H spectra (Series III

solutions). The primary effect of pH is a broadening of both the methyl and particularly

the methine regions at lower pH values and, in the case of the methine region, a

downfield shift from -4.05 to -4.2 ppm. There is a slight shift of the principal methyl

doublet to lower frequency with increasing pH.

The spectra of the [L]/[Zr
lv

]
= 2 solutions exhibited poor signal to noise and are

not presented. This was due to a decrease in ligand concentration by a factor of 2

compared to the [L]/[Zr
lv

]
= 4 solutions. However, the pH trend for these solutions was

similar to that observed in Figures 3.22 and 3.23.

The most intense proton signal in the methyl region of all zirconium lactate

solution spectra (8H = 1.21-1.3 ppm) corresponds closely with that of the free lactate ion

(see Figure 3.4). Similarly, the methine signal in zirconium lactate samples (8H s4.0-

4.2 ppm) corresponds with the quartet of free lactate. These signals are assigned to free

(uncoordinated) lactate in solution. The strong secondary signal present at -1.35 ppm in

the spectra of solutions prepared with freshly diluted lactic acid (Series I solutions) is due

to the presence of intermolecular esters of lactic acid based on the fact that (1) it is

observed shifted from the free lactate by 0.12 ppm, essentially the same shift seen for

freshly prepared solutions of lactic acid (0.11 ppm; see Figure 3.6), and (2) the signal

decreases in relative intensity with equilibration time (data not shown), as do similar

signals in lactic acid, with no alterations in the remaining signals. Note also that the
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spectra of solutions prepared with refluxed lactic acid (Series II and III solutions, Figures

3.21-3.23) exhibit no such behavior.

The remaining broad base in the methyl region as well as the assorted smaller

doublets visible near the free lactate signal are assigned to lactate complexed with

zirconium. The small magnitude of the change in chemical shift of these signals relative

to free lactate (A8H) in the methyl region is due to the remote location of the CH
3
group

with respect to the coordinating sites of the ligand. The OH group, however, is capable

of direct coordination to zirconium. One would therefore expect larger A8H values for the

bound CH(OH) signals than those observed for the methyl signals. Unfortunately, the

presence of the strong H
2

signal obscures signals shifted downfield -0.3-0.9 ppm from

the free lactate signal.

The spectrum of a zirconium tetralactate compound dissolved in deuterated

solution (solution B5-S) is shown in Figure 3.24. The free lactate methyl doublet and

methine quartet at 1.32 ppm and 4.10 ppm are both very well resolved. Coordinated

lactate signals in the methyl region are lower in intensity than what is seen in other

solutions. Close inspection of the methyl region reveals a number of overlapping

doublets shifted both upfield and downfield from the dominant signal at 1.32 ppm.

Similar inspection of the methine region (-3.8-5.2 ppm) reveals at least three overlapping

quartets shifted downfield from the free lactate signal by -0.7 to 0.9 ppm. These signals

correspond to coordinated lactate. This demonstrates that the missing bound CH(OH)

signals in the spectra of aqueous solutions (Figures 3.20-3.23) were obscured by the

strong solvent signal.
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The spectrum of solution A3-S (not shown), a hydroxy zirconium lactate

compound dissolved in H
20, was very similar in appearance to the spectra of other

zirconium lactate solutions at neutral pH (Figure 3.21, for example)

Downfield shifts for both the methine and methyl protons have been reported in

similar studies of metal lactate complexes in the literature. Caldeira and coworkers

[Cal86, Cal87] reported chemical shifts relative to free lactate of 0.74 and 0.072 ppm for

the methine and methyl groups, respectively, of a molybdenum lactate complex at pH 5.

The complex was found to have a 2:1 (ligand:metal) stoichiometry. A shift of similar

magnitude was also seen in the CH(OH) signal for a molybdenum glycolate complex. In

the tungsten lactate system, two distinct sets of shifted signals were observed,

corresponding to two different complexes [Cal87]. The methine shifts relative to free

lactate were 0.94 and 1.08 ppm, while the methyl signals were shifted by only very small

amounts. Corain et al. [Cor92] reported the presence of both free and bound lactate

signals in an aluminum lactate solution at 4°C, with small A8H values (<0.1 ppm) for the

methyl signal of bound ligand. The CH(OH) region included two partially overlapping

signals, indicative of two distinct types of complexes, displaced approximately 0.2-

0.3 ppm downfield. Similar size shifts have also been observed for the methylene (0.1-

0.5 ppm) and methine (0.5-0.9 ppm) protons of malic acid complexed with molybdenum

[Cal81]. Complexes of the uranyl ion with malic and tartaric acids tend to result in

greater AS values. Downfield shifts of about 1.3 and 2.6-2.8 ppm were observed for the

CH
2
and CH(OH) signals, respectively, of malic acid, while values as large as ~3 ppm

were observed for CH(OH) signals of tartaric acid [Nun82, Nun84].
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The results of the present study are consistent with the observations cited from the

literature. The magnitude of the CH
3
and CH(OH) downfield shifts for bound ligands

(< 0.2 ppm and 0.6-0.9 ppm respectively) relative to free lactate are similar to those

observed previously for molybdenum and tungsten. The presence of multiple shifted

signals indicates that there are several distinct types of coordination arrangements, similar

to what has been reported for complexes with the uranyl ion. The broad base underlying

the methyl region is worthy of note and may have several explanations. It is not possible

to determine if there is a similar broad signal corresponding to the methine group because

of the interference of the solvent signal. The difference in the broad versus narrow

signals will be explored in greater detail in the
13C spectra, in which the same phenomena

occur and are more readily observed.

The 'H spectrum of the commercially available compound Tyzor 217 is presented

(Figure 3.25) for comparison with the solutions prepared in this study. Many more

methyl doublets are present in addition to the most intense signal at 1 .23 ppm. Some of

these signals are at chemical shifts as high as -1.56 ppm, higher than any methyl doublets

seen in the previous samples. There are also at least 3 small multiplets located just

downfield from the large water signal (-4.8-5.1 ppm) that were not seen in previous

spectra, and which correspond to the CH(OH) groups of coordinated lactate.

It would be very useful to compare the integrals of the coordinated and free lactate

proton signals in order to determine the relative concentration of ligands in the bound and

free states. The methyl region is not suited for the integration, however, because of the

very close proximity of individual signals. Analysis of the methine signals is precluded
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as well because the signals from coordinated lactate are obscured by the solvent. This

information should still be attainable, however, if we assume that the methyl region

(-1.0-1.6 ppm) contains all of the CH
3
signals—both bound and free—while the methine

quartet at -4.1 ppm represents only CH(OH) signals corresponding to the free ligand. In

this case the ratio of the methyl and methine integrals (./?,) is given by Equation 3.2

R !ch
3

3[m
f
+m

b ]

1 ~ T " m E ]

iCH m
f

where m
b

is the number of moles of bound ligand and m
{
is the number of moles of free

ligand. The factor of 3 is introduced because the methyl group has three protons

compared to only one methine proton. Solving for the ratio of bound to free ligand,

mhlm {,
gives Equation 3.3.

mb [#i-3]— = L-Lr—'
= ^l [3-3]

m
f 3

The total moles of ligand in solution (mh
+ m

() is equal to the total moles of zirconium

ions (mZt) multiplied by the solution ligand to metal ratio, R(R = [L]/[Zr
IV

]).

(mh +m{ )
= mZrR [3.4]

Solving for m
{
and substituting into Equation 3.3, the average number of bound ligands

per metal ion (mb/mZT) can be calculated.

mh RLR
[3.5]

™Zr U*L+1)J

It should be kept in mind that all of the bound ligand signals were integrated together;

individual signals could not be separated. The value mb/mZr , therefore, is strictly the

average number of bound ligands per zirconium ion in the solution taken as a whole.
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The interference of the water signal must be contended with and would be

expected to artificially increase the integral of the CH(OH) signal (ICH), which in turn

would decrease the integral ratio R
{
(see Equation 3.2) and introduce error into the

calculated number of bound ligands per zirconium. Because of this consideration,

integration data was only considered for aqueous solutions prepared at conditions of high

pH (> 8). Solutions at moderate pH (-6.5-7.5) were also considered if the spectra were

acquired on the 500 MHz spectrometer. Only these two conditions resulted in spectra

that displayed sufficient separation of the free methine signal from the low-frequency tail

of the large water signal. The values for mblmZv
calculated from the integration data of

suitable samples are given in Table 3.6. The value determined for the deuterated solution

of dissolved tetralactate compound (B5-S), for which the solvent signal is negligible

(solvent is D
20), is 1.8, which is agrees well with the other values in Table 3.6. The data

indicate roughly 2 ligands per zirconium.

Table 3.6. Average number of ligands per zirconium

calculated from proton spectra integration. All data are for

solutions from Series III except the bottom row, which is

for solution B5-S.

[L]/[Zr
,v

] PH mJmZr

3 7.2 2.2

3 8.7 1.7

4 9.1 1.9

4* 8.4* 1.8*

* Sample B5-S
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3.3.5.2
13CNMR

A typical
13C spectrum is shown in Figure 3.26. Both the methine (CH(OH)) and

carbonyl (COO) regions at 70-84 ppm and 184-194 ppm, respectively, exhibit an intense

narrow signal with an accompanying region of both broad and narrow signals shifted

downfield by -3-12 ppm. The methyl region generally shows a narrow signal with a

broad base, with several smaller signals shifted slightly away from the main signal in

both the upfield and downfield directions. The interpretation is similar to that discussed

for the proton spectra. The single strong sharp signals at approximately 23, 71, and

185 ppm are assigned to free lactate (compare with the spectrum of lactate, Figure 3.5).

The broad and narrow signals downfield from the free lactate signals correspond to

lactate bound to zirconium ions. As the methyl group of lactic acid is the most removed

from the coordinating sites, the chemical shift of the bound lactate relative to free lactate

is rather small (as already observed in the proton spectra). The carbonyl and methine

carbon atoms, however, are much more closely associated with the coordinating oxygen

atoms, and these signals show much larger A5C values. The following analyses will focus

on these two regions of the
13C spectra.

Figures 3.27-3.28 show the
13C spectra as a function of [L]/[Zr

IV
] at a nominal pH

of 7 for solutions prepared with refluxed and freshly diluted 5 M lactic acid

(corresponding to the proton spectra presented in Figures 3.20-3.21). As [L]/[Zr ]

decreases from 4 to 2, the relative intensity of the free lactate signals decreases and they

become more broad. A slight decrease in the resolution of the bound ligand signals

occurs at lower [L]/[Zr
IV

] values but this is due at least in part to a reduction of the
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concentration of the ligand which results in a weaker NMR signal. Narrow signals at

approximately 69.5 and 79.6 ppm in the methine region and 178.8 and 181.2 ppm in the

carbonyl region are much more prominent in the spectra of solutions prepared with

freshly diluted lactic acid (Figure 3.27). Comparison with the
l3C spectra of lactic acid

discussed above (Figure 3.6) suggests that these signals are due to polylactic acid

impurities. Similar to the behavior of the proton spectra, solutions that were analyzed

after 30 days of equilibration showed a marked decrease in these additional sharp signals,

while the spectra of solutions prepared with refluxed lactic acid remained unchanged after

aging.

The effect of pH on the
13C spectra are shown in Figures 3.29-3.30 (Series III

solutions). The spectra were obtained using inverse gated proton decoupling with 10 s

delay/recovery times in order to allow for quantitative integration free of the influence of

varying spin relaxation times and nuclear Overhauser effects. Because of the increased

time for the collection of each transient, the number of transients was usually less than for

the spectra presented in Figures 3.27 and 3.28, and ranged from 512 to 1024.

The general appearance of the spectra is again similar to those presented in

Figures 3.27 and 3.28. For solutions at neutral pH and higher (pH> 6.5), the regions

containing signals from bound lactate consist of both broad and narrow signals

superimposed on one another. There are three principal narrow bound lactate signals in

both the carbonyl and methine regions. This pattern is consistent for all solutions in this

pH range. In the spectra of the lowest pH solutions (pH = 4.0-4.4), all of the signals are

noticeably broadened. In general, an increase in pH has the effect of causing the free

ligand signals to become more narrow. There is also a slight decrease in the intensity of
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the broad signals. The chemical shifts of the free ligand signal and the three most

prominent sharp bound ligand signals for the pH-dependent spectra in Figures 3.29 and

3.30 are given in Table 3.7.

The effect of temperature on the
I3C spectra of several samples is shown in

Figures 3.31 and 3.32. There is a slight narrowing in the free ligand signals in both the

carbonyl and methine regions when the temperature is decreased from 25°C to 4°C. The

lower temperature results in slight downfield shifts; on the order of -0.2 ppm in the

carbonyl region and generally less than 0.1 ppm in the methine region. The effect on the

shape of the bound signals is negligible.

Table 3.7.
13C chemical shifts observed in the carbonyl and

methine regions of zirconium lactate solutions. All data are

for Series III solutions except the final row, which is for

solution B5-S.

IL]/[Zr
,v

l
pH COO CH(OH)

3 4.1 184.96 — — — 71.05 — — —
3 7.2 71.35 78.70 79.38 81.33 185.28 190.78 191.70 192.68

3 8.7 185.33 190.81 191.71 192.71 71.32 — 79.39 —
4 4.2 185.25 — — — 72.04 — — —
4 7.4 185.31 190.76 191.67 192.68 71.32 78.69 79.39 81.34

4 9.1 185.31 190.75 191.67 192.67 71.30 78.67 79.36 81.31

4 8.4 185.31 190.98 191.93 192.86 71.28 78.85 79.46 81.41

The presence of multiple bound ligand signals in the
13C spectra indicate the

presence of more than one type of zirconium lactate complex, similar to the observations

of the 'H spectra. The large downfield shift of the bound ligand signals (A5C 3 3-
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12 ppm) in both the carbonyl and methine regions confirms the participation of both the

carboxylate and alcohol groups in coordinating to zirconium. Similar observations have

been made for various metal ions complexed with similar hydroxycarboxylic acids,

including molybdenum complexed with lactic acid [Cal87, Cal86], glycolic acid [Cal87],

and malic acid [Cal81]; tungsten complexed with lactic and glycolic acid [Cal87]; and the

uranyl ion complexed with lactic acid [Kak87], tartaric acid [Nun84], and malic acid

[Nun82]. The results have indicated that chemical shifts of this magnitude relative to free

ionic ligand are consistent with a coordinated ligand. It is clear from the literature that

the presence of signals corresponding to complexed ligands is highly dependent upon the

nature of the metal ion involved. NMR studies of lactate complexes of aluminum and

alkaline earth metals have revealed no separate downfield shifted signals for either the

methine or carboxyl carbon, a result that is generally attributed to fast exchange processes

due to the relatively weak nature of these complexes [Kon97, Kon98, Cor92]. Based on

the oxidation state of zirconium (4
+
) and the hydrolytic and chemical properties of the ion

in solution, it should be expected to behave more like the transition metals molybdenum

and tungsten mentioned above than the alkaline earths.

In general, the downfield shifts relative to the free ion tend to be slightly larger for

the methine group than the carbonyl group in metal-lactate complexes [Cal87, Cal86,

Kak87]. For example, Caldeira and coworkers [Cal87] observed A5C values of 12.04 and

3.91 ppm for the CH(OH) and COO groups, respectively, of molybdenum complexed

with lactate. In the tungsten-lactate system two separate complexes were indicated by

two distinct shifted signals for each carbon nucleus, with A5C values for the most
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dominant complex of 11.22 and 4.04 ppm for the CH(OH) and COO signals,

respectively. In the case of the uranyl ion the situation is slightly more complicated.

Two very distinct signals shifted downfield relative to free lactate have been observed for

both the methine (A5C - 4.8 and 15.2 ppm) and carboxyl (A5C = 3.0 and 9.5 ppm) groups

[Kak87]. The presence of two distinct signals, as well as the magnitude of the larger

methine shift, were suggested as evidence of two types of coordinated ligand involving

the participation of the hydroxyl group in both the protonated (A8C CH(OH) = 4.8 ppm)

and unprotonated (A8C CH(OH) = 15.2 ppm) states. A general comparison of the

chemical shifts of coordinated hydroxy acids in uranyl complexes [Nun84, Nun82,

Kak87] shows that the values tend to be slightly larger than for similar complexes of

other metals (MoVI
, WVI

, Al"
1

), as was the case for the related proton shifts discussed

earlier.

The significant broadening of all signals at low pH is probably due to exchange

processes. In the present study the pH of the solutions that exhibit marked broadening is

about 4.1, which is very close to the pK
a
of lactic acid (3.86). Nunes et al. [Nun82]

noticed a similar pH-dependent broadening effect for a malic acid complex of the uranyl

ion and have suggested that this is a result of exchange processes; sharp, distinct signals

tend to arise from species that exchange slowly on the NMR time scale, while signals

broaden when the exchange rate is fast. Exchange broadened signals may become more

narrow when the temperature of the solution is decreased, slowing down the kinetics of

the exchange process [Nun82, Cal81, Cor92]. It appears that the increased tendency

toward protonation of the acid at pH ~4 decreases the stability of the complex and
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increases the ligand exchange rate. The effect of temperature, particularly for the solution

at pH 4.1 (Figure 3.31), confirms that the free lactate signal is exchange broadened, as

this signal narrows noticeably at 4°C.

Based on the both the COO and CH(OH) signals observed in the present study,

there are three dominant types of coordinated ligand in slow exchange with free lactate on

the NMR time scale. These ligands are indicated by the three sharp signals downfield

from the free ligand in both the carbonyl and methine regions for solutions at neutral pH

(-6.5) or higher. At pH ~4 these signals are not clearly observed. The best resolution of

these signals is in Figure 3.32, which was obtained at 125 MHz and averaged over 1024

transients. Spectra that were obtained with the higher field spectrometer or by averaging

as many as 9000 transients to maximize the signal to noise show that these three signals

are consistently present regardless of the specific solution preparation technique, and that

at least two additional signals of lesser intensity also appear in the same region.

In addition to this type of coordinated lactate, there are also bound ligands that

give rise to broad signals. This is consistent with the proton spectra of the aqueous

solutions in the methyl region, although the A5 values for signals corresponding to bound

ligands are predictably not as large due to the isolation of the methyl group in lactic acid.

Thus there appears to be two distinct classes of bound ligands: those responsible for

either narrow or broad signals.

The results of integration of the
13C spectra in Figures 3.29 and 3.30 are presented

in Table 3.8. The spectral acquisition parameters were first tested on a 5 M lactic acid

solution to optimize the settings that would produce quantitative integration of the three
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carbon signals. It was found that a pulse width of 5 us, an acquire time of 2 s, and a

delay time of 10 s produced a spectrum in which the integrated areas of the three carbon

signals of lactic acid were equivalent to within -5%. These settings were used for

analysis of the zirconium lactate solutions to obtain quantitative integration results. The

first three data columns give the relative value of the integrated areas across each region,

including all observed signals; i.e., -200-180 ppm in the carbonyl region, -86-66 ppm in

the methine region, and -18-28 ppm in the methyl region (normalized to the carbonyl

integral). This demonstrates the level of error in the integration, since the presence of

only one of each type of carbon atom (carbonyl, methine, and methyl) should ideally give

rise to a integral ratio of 1 : 1 : 1 . The last two data columns give the ratio of the integral

area of all bound ligand signals (broad + narrow) to the integral area of the free ligand

signal. This ratio, I
b
/I

f,
was determined separately for both the carbonyl and methine

regions. The ratio I b/I f
indicates the ratio of bound to free ligands and is equivalent to the

value mb
/m

f
introduced in Equation 3.3. Solving this equation as before, the number of

bound ligands per zirconium ion, mb/mZr , can be calculated. The results are presented in

Table 3.9.
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Table 3.8. Integration data for zirconium lactate solutions.

All data are for Series III solutions.

[L]/[Zr
,v

l PH Carbonyl*

coo-

Methine*

CH(OH)

Methyl*

CH
3

(IA)t
COO"

(VIf)t

CH(OH)

2 6.9 1.00 1.02 1.18 6.86 4.6

3

4.1

7.2

8.7

1.00

1.00

1.00

0.99

1.01

1.17

1.03

0.97

1.12

2.2

2.91

1.33

2.04

2.14

1.51

4

4.2

7.4

9.1

1.00

1.00

1.00

0.97 .

0.98

1.16

1.02

1.09

1.05

1.00

1.00

0.85

0.96

0.96

0.95

Integral area normalized to the area of the COO signals

f Ratio of bound:free ligand signals

Table 3.9. Average number of moles of coordinated ligand

per mole of zirconium, calculated from integration of the

COO and CH(OH) signals in the NMR spectra. All data

are for Series III solutions.

[Ll/[Zr
lv

]
pH

COO" CH(OH)

2 6.9 1.7 1.6

3

4.1

7.2

8.7

2.1

2.2

1.7

2.0

2.0

1.8

4

4.2

7.4

9.1

2.0

2.0

1.8

2.0

2.0

1.9

As with the proton spectra, no attempt was made to integrate the individual bound

ligand signals due to the superposition of the broad signals. Because all of the bound

ligand signals were integrated together, the value mb/mZ[ is the average number of ligands

per zirconium ion. The data indicate that the number of coordinated lactate ligands per

zirconium ion is relatively independent of pH or ligand to metal ratio, maintaining a fairly
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constant value near 2. The data in Table 3.9 agree well with those in Table 3.6, obtained

from integration of the proton spectra. This suggests an average stoichiometry of 2:1

(lactate:zirconium) for the complexes formed. This result was also implied in

preliminary work and in the preparation of zirconium lactate solutions, which showed

that solutions could not be prepared at a ligand:metal ratio of less than 2 without the

precipitation of hydroxides when the pH was neutralized with NaOH.

NMR studies of molybdenum and tungsten with simple bidentate hydroxy acids

such as glycolic, lactic, and mandelic, have shown that the predominant complexes

formed in these systems have a 2:1 ligand:metal stoichiometry [Cal87, Cal86]. A similar

result has been found for molybdenum-lactate complexes using pH and conductance

measurements [Dav62]. Lactic acid complexes of zirconium with 1:1, 2:1 and 3:1

stoichiometry have been identified and examined using ion exchange techniques [Gna85,

Rya64, Rya60].

It should be noted that Job's method for determining the stoichiometry of the

dominant complex in solution has been used in several of the NMR studies mentioned

above (see, for example, Caldeira et al. [Cal87]). This technique involves analyzing

equimolar solutions of metal and ligand such that the formal concentration ([metal] +

[ligand]) is constant and the ratio of ligand to metal (L:M) ranges from excess metal

(L:M > 1) to excess ligand (L:M < 1). The molarity of coordinated ligand is determined

from integration of the bound versus free ligand signals in the proton spectra and is

plotted against the mole fraction of ligand: [ligand]/([metal]+[ligand]). The resulting

curve produces a maximum that corresponds to the stoichiometry of the dominant

complex. In the present study, however, this technique was not possible since solutions
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with ligand to metal ratios of less than 2 were not stable with respect to hydrolysis, and

resulted in precipitation of zirconium hydroxide.

The 13C spectrum for the solution of dissolved zirconium tetralactate is presented

in Figure 3.33. The spectrum displays the familiar pattern of three small but distinct

bound ligand signals. The chemical shifts have been presented in Table 3.7. The relative

intensities of the broad regions, however, are conspicuously lower than what was

observed previously for the aqueous solutions. This is an important observation,

considering the method of preparation for this solution. As was the case with the proton

spectrum, the
13C spectrum of a solution prepared by dissolving a hydroxy zirconium

lactate compound in water (not shown) was again similar to those of zirconium lactate

solutions already observed (Figure 3.28), with only minor variations in the broad regions

of the methine and carbonyl signals.

The 13C spectrum of Tyzor 217 is shown in Figure 3.34. Similar to the proton

spectra for this solution, there are an abundance of narrow signals in addition to free

lactate. All three carbon regions display many more signals than were observed for

samples prepared in this study. The reason for the presence of so many more signals is

not clear. The broad NMR signals are similar to those observed for the solutions

prepared in the present study. The specific preparation of Tyzor217 is not disclosed by

the manufacturer, but it is described as a sodium zirconium lactate.
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3.3.5.3
17ONMR

Two strong
17

signals were observed at approximately 8 and 4 ppm for a solution

with [L]/[Zr
lv

]
= 3 at pH 6.9 (from Series II). A weak signal was observed at -270 ppm

and a very weak signal at -35 ppm (spectrum not shown).

The low frequency shifts observed in the
17 spectrum are undoubtedly due to

H,0 and D2
signals from the sample solvent and reference/lock solutions. The signals

at approximately 270 and 35 ppm are most likely due to the carbonyl and alcoholic

oxygens of lactic acid respectively [Kle78]. The very low intensity of these signals with

respect to the background noise and their inherent broadness did not allow for any

information about the coordination of the lactate ligands to be discerned. Enrichment

experiments combined with very long sampling times may enable this technique to

provide adequate signals for more detailed analysis.

3.3.5.4 Two dimensional NMR

A two dimensional homonuclear ('H-'H) correlation spectrum (COSY) of the

dissolved zirconium tetralactate compound is shown in Figure 3.35. This figure is a

contour plot in which both the horizontal and vertical axes correspond to the one

dimensional
lH spectrum of this solution (see Figure 3.24), but span different regions.

The horizontal (x) axis covers the region containing the methine signals of lactic acid

while the vertical (y) axis covers the region containing the methyl signals. The figure

illustrates which signals in the methine region (x-axis) are coupled to methyl signals

(y-axis). The results clearly indicate, for example, that the methine quartet at about

4.1 ppm and the methyl doublet at about 1.32 ppm are coupled and therefore correspond
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to the same lactate molecule. In this case the result was intuitive based on the one

dimensional spectrum (Figure 3.24), as both of these signals were assigned to the free

lactate ion. Of greater interest, however, are the remaining signals observed in Figure

3.35, which correspond to bound lactate. Here the two dimensional spectrum indicates

the individual correlation between bound ligand signals in the methyl region with signals

in the methine region, information that would have been unavailable using only one

dimensional data. By separating the signals into a second dimension, the technique also

helps to resolve signals that would have been too closely overlapping, such as the bound

and free methyl doublets at ~1 .32 ppm or the two bound methine signals near 4.7 ppm.

A two dimensional heteronuclear ('H-
13
C) multiple quantum coherence (HMQC)

spectrum of the CH(OH) group of the same solution is presented in Figure 3.36. In this

figure the horizontal axis corresponds to the "H spectrum (Figure 3.24) and the vertical

axis corresponds to the
13C spectrum (Figure 3.33), both in the regions containing the

methine signals of lactic acid. This spectrum highlights the three sharp bound ligand

signals at 78-82 ppm and 4.6-5.0 ppm in the
13C and 'H spectra, respectively (see Figures

3.24 and 3.33), in the lower left corner. As with the COSY spectrum discussed above,

the heteronuclear spectrum reveals couplings between two different nuclei, in this case

the carbon and hydrogen nuclei of the CH(OH) group. The unique information provided,

therefore, concerns which of the
13C methine signals (observed previously in Figure 3.33)

are coupled to which of the 'H methine signals (observed previously in Figure 3.24).

Coupled signals correspond to the same lactic acid molecule.
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3.3.5.5 Interpretation ofNMR spectra: Structure of complexes

The question remains as to the nature of the narrow and broad bound ligand

signals, observed most clearly in the
nC spectra, and what information these provide

regarding the chemical structure of the complexes. The following interpretation is

offered here. At the solution conditions employed in this investigation (high Zr
IV

concentrations and neutral pH values), hydrolysis reactions could result in relatively large

oligomeric zirconium cations. The extent of hydrolysis would depend in part on the

ability of lactate to complex the metal and thereby limit the reaction of zirconium with

water. Complexes formed by lactate coordinating to hydrolyzed ions could potentially be

quite large and have complicated structures. A generalized structure would contain an

average of two lactate ligands coordinated to each zirconium ion, with zirconium ion

linked by hydroxide or oxide bridges. It is suggested that the broad NMR signals

correspond to lactate involved in complexes of this nature. The large molecular size of

the complexes would cause them to exhibit a relatively slow rotational motion in

solution. Conversely this can be expressed as the correlation time, xc , which characterizes

the rate of molecular motion. Larger x
c
values indicate slower motion. This inhibited

tumbling in turn gives rise to broadened NMR signals due to dipolar relaxation

mechanisms [Abr80, Der87].

The narrow bound ligand signals, on the other hand, are due to ligands complexed

to a single zirconium ion or to a relatively small multinuclear ion, such as the common

tetramer. Such complexes would have rapid rotational motion because of their relatively

small size and therefore produce more narrow NMR signals. Figure 3.37 depicts the type
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of complexes in solution proposed here, ranging from (a) mononuclear to (b) tetranuclear

to (c)-(d) oligomeric structures. The polynuclear hydrolyzed zirconium ions that make

up the large complexes could consist of linked tetramers (Figure 3.37 (d)) or more

random, open structures (Figure 3.37 (c)).

Support for the hypothesis of different sized complexes comes from the 'H and

13C spectra of solution B5-S (Figures 3.24 and 3.33), in which the intensities of the broad

signals of bound ligands were much lower than observed for other solutions. It should be

recalled that this solution was prepared by dissolution of a zirconium lactate complex in

D
2
0. Analysis of this compound (presented in Chapter 4) showed that there were no

oxide or hydroxide bridged structures, but rather isolated zirconium ions completely

complexed by four lactate ligands. The NMR data reveal that the dissolution of this solid

resulted in aqueous complexes that exhibited a significantly decreased incidence of large

polynuclear zirconium ions when compared to complexes prepared directly in the

solution state. This follows intuitively, given that the conditions for preparing the

complexes in the solution state would have favored the preexistence of hydroxide bridged

zirconium ions to which lactate ligands would coordinate. In the solid complex,

however, the zirconium ions were completely coordinated by lactate, limiting the

availability of the ions to react with water to form hydroxylated ions.

Further evidence supporting this interpretation comes from the 'H and
13C spectra

of the dissolved hydroxy zirconium lactate compound, which were found to be very

similar to those observed for zirconium lactate complexes prepared directly in the

solution state at similar pH (Series II solutions, for example; Figures 3.21 and 3.28).

Specifically, the spectra of this solution exhibited the characteristic broad bound ligand
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signals. The solid compound was shown to have a ligand to metal ratio between 2-3 and

contained excess hydroxyl groups (see Chapter 4). Analysis of the solid indicated that

the structure contains hydroxide bridged zirconium ions that are incompletely complexed

by lactate. The appearance of the broad signals for this solution, then, is consistent with

the notion that they arise from large complexes containing hydroxide bridged structures,

as this type of structure was preexisting in the solid. It also provides a revealing contrast

with the spectra of solution B5-S discussed above, in which the broad signals were

notably more diminutive, consistent with the fact that in this compound the zirconium

ions were completely complexed prior to the solid being dissolved and therefore

hydrolysis was more limited.

While the line broadening of the NMR chemical shifts does not directly indicate

which conformation is more likely for the oligomeric complexes (Figure 3.37 (c) and

(d)), several observations can be made. The maximum ligand to metal ratio possible

—

assuming a coordination number of eight for zirconium—is four, which would only be

attainable for a single zirconium ion. As hydrolysis proceeds, the maximum number of

ligands per zirconium ion must necessarily decrease, since coordination sites are occupied

by terminal or bridging hydroxide (or oxide) groups. Hence the maximum ratio

envisioned for the tetrameric cation is 2:1 (see Figure 3.37 (b)). As tetramers link to form

larger structures, the maximum ligand to metal ratio decreases further, as some of the

zirconium ions will have six or more coordination sites occupied by hydroxyl groups,

leaving room for at most only one ligand (see Figure 3.37 (d)). The average ligand to

metal ratio determined experimentally for the complexes was approximately 2 (1.6-2.2).

This suggests that the complexes do not consist of extensive networks of closely packed
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tetramers, as this structure would not permit the observed ligand to metal ratio. More

open structures, as in Figure 3.37 (c), are capable of assuming higher ratios. However,

the quantitative data also showed that the average number of ligands per zirconium

remained relatively constant (at ~2) between pH 4-9. This indicates some degree of

stability in the complexes, which would be more expected from a closed structure (d)

than an open structure (c). The complexes in the present work may lie in between these

two extremes, containing both single or linked tetramers and small bridged zirconium

side chains, as in Figure 3.37 (d).

It is not practical from the NMR data to quantitatively determine the size

distribution of the complexes, but the following considerations indicate the feasibility of

the species proposed here. The Zr-Zr bond distances in double hydroxide bridged

structures are approximately 3.6 A [Abe93]. Hence the effective diameter of the

aggregates depicted in Figure 3.37 (c) and (d) would be roughly 12-20 A. For an

oligomeric complex containing 20 zirconium ions and an average of two lactate ligands

per metal ion, the molecular weight would be over 6000 if we assume about two bridging

or terminal oxygen atoms per zirconium. Considering as well the effect of hydrogen

bonding in aqueous systems which results in the formation of coordinated hydration

spheres, complexes of even these relatively modest dimensions are likely to exhibit x
c

values that result in significant line broadening [Abr80, Der87]. Given these

considerations, it is conceivable that the even tetrameric complex (Figure 3.37 (b)) would

be of sufficient dimensions to exhibit noticeably broadened NMR signals, but this

distinction is not obvious from the experimental data presented here.
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It should be noted that another possible effect that may contribute to the

broadening of the chemical shifts observed in this work is the spin relaxation caused by

the presence of the quadrupolar zirconium nuclei [Abr80]. However, several

observations clearly demonstrate that this is not the only mechanism of line broadening.

As has already been pointed out, the spectra of a dissolved zirconium tetralactate

compound (solution B5-S, Figure 3.33) does not exhibit similar broad lines, in spite of

the presence of a similar molar ratio of zirconium. Also, the
13C spectra of titanium

lactate solutions have previously been observed with only narrow chemical shifts
1

'

.

It should also be pointed out that it is possible for the stereochemistry of lactic

acid to result in a multiplicity of signals corresponding to coordinated lactate. Caldeira et

al. [Cal87] noted that the use of racemic lactic acid resulted in additional bound ligand

signals when compared to spectra obtained when the optically pure L enantiorher was

used. The increase was attributed to the involvement of both the D and L enantiomers in

complexation. In the present study racemic lactic acid was used and therefore a

stereochemically induced increase in the number of signals cannot be dismissed.

Experiments using an optically pure enantiomer are needed to identify whether the

number of narrow bound ligand signals observed here are due to stereochemical effects.

3.4 Summary and Conclusions

Nuclear magnetic resonance spectroscopy has proven to be a very useful tool for

investigating the complexes of zirconium with lactic acid. This method is generally more

" Private communication, Pacific Northwest National Laboratory
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informative than infrared spectroscopy due to the narrow linewidths of the NMR signals

that are easily resolved, allowing subtle changes in molecular chemistry and

arrangements to be detected. The data confirm that both the carboxylate and hydroxyl

groups of the lactate ion coordinate to zirconium in solution. Several different

coordination arrangements are indicated by distinct 'H and
13C NMR signals. The NMR

data suggest that the complexes have an average of approximately 2 coordinated ligands

per zirconium ion, a value that is relatively independent of the solution pH. The

exchange rate of the complexes, however, is pH dependent, and becomes relatively rapid

on the NMR time scale as the pH decreases to 4. This behavior is most likely related to

the increased tendency toward protonation of the acid at lower pH.

The infrared data are more equivocal, but seem to indicate an increase in the

amount of free ligand in solution at higher pH, suggesting changes in the stoichiometry of

the complexes. This result contradicts the NMR data that confirm a relatively constant

number of ligands bound to zirconium regardless of solution pH. An assignment of two

bands—appearing between 800-1 100 cm"
1

with increasing intensity as the pH is raised

—

to 5ZrOH vibrations is ultimately rejected based on the empirical evidence.

The NMR data also present evidence for a variation in the molecular size of the

complexes. Small complexes that are relatively mobile in solution give rise to narrow

NMR signals. Three distinct types of coordinated lactate involved in this type of

complex are indicated. Larger complexes, which have slower rotational motion, cause

much more broad NMR signals. The results suggest that the large complexes consist of

hydrolyzed zirconium structures. Additional techniques may be helpful in identifying the
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nature of these oligomeric complexes. A few that are suggested are Raman spectroscopy,

l7 NMR, and x-ray scattering.

Zirconium compounds, such as zirconium oxychloride octahydrate, which are

normally used in the preparation of hydroxy acid complexes for industrial applications

consist of hydroxide bridged structures. We have also seen how the cations in solution

rapidly assume this arrangement via hydrolysis. Considering this trend, the solution

prepared in this work by dissolution of a zirconium tetralactate compound (solution

B5-S) demonstrates a new approach to preparing aqueous zirconium lactates that limits

hydrolysis by beginning with zirconium in the unhydrolyzed state. The resulting soluble

complexes contain much less extensively hydrolyzed zirconium ions than found in

solutions prepared using conventional mixing techniques.
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Figure 3.1. Fraction of titratable acidity in lactic acid

solutions as a function of refluxing time and room

temperature aging time. Aging times are noted for each

data point and indicate time elapsed following the

completion of refluxing. Error bars are the 95% confidence

intervals (lack of error bars indicates that only one data

point was acquired).
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Figure 3.4. Proton NMR spectra of refluxed lactic acid

(top) and lactate ion (bottom) at 25 °C.
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5 M Lactic acid; 29 days
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Figure 3.6. Proton NMR spectra of lactic acid showing the

effect of solution aging. Spectra acquired at 9 hours

(bottom) and 29 days (top) after initial dilution from 88%
stock solution. Signals due to intermolecular esters are

marked with an asterisk (*). Spectra acquired at 25°C.
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Figure 3.8. Proton (top) and
l3C (bottom) NMR spectra of

deuterated lactic acid (44% solution in D20) at 25°C.
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Figure 3.10. Titration curves for aqueous sodium

zirconium lactate solutions as a function of the ligand to

metal ratio ([L]/[Zr
IV
]) at 25°C. Solutions were titrated

with 0.100 M NaOH. The quantity a indicates the moles of

base per mole of zirconium. Arrows mark discontinuities

in the curves.
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Figure 3.11. Titration curves for aqueous sodium

zirconium lactate solutions as a function of the ligand to
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]) at 25°C. Solutions were titrated

with 1 .004 M NaOH. The quantity a indicates the moles of

base per mole of zirconium. The arrow marks

discontinuities in the curves.
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Figure 3.12. Titration curves for aqueous sodium

zirconium lactate solutions ([L]/[Zr"
v
]
= 4) as a function of

total titration duration at 25°C (titrant was 1.004 M NaOH).

The total titration time is directly related to the equilibrium

time between data points.
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Figure 3.18. Comparison of IR spectra of (a) an aqueous

zirconium lactate solution (Series III, [L]/[Zr
IV
]=4, pH 7.4)

and (b) a zirconium tetralactate compound dissolved in D
2

(B5-S).
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Figure 3.19. An example proton NMR spectrum of an

aqueous sodium zirconium lactate solution at 25°C.



128

CH,

CH(OH)

[L]/[Zr] = 4

4.2 4.1 4.0 3.9 ppm
i '

i ' ' i

1.6 1.5 1.4 1.3 1.2 1.1 1.0 ppm

Figure 3.20. Proton NMR spectra of sodium zirconium

lactate solutions prepared using freshly diluted lactic acid

(Series I solutions). The pH of the solutions was between

6.5-6.9. Spectra acquired at 25°C.
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Figure 3.21. Proton NMR spectra of sodium zirconium

lactate solutions prepared using refluxed lactic acid (Series

II solutions). The pH of the solutions is 6.8-7.2. Spectra

acquired at 25°C.
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Figure 3.22. Proton NMR spectra of sodium zirconium

lactate solutions as a function pH (Series III solutions).

The ligand to metal ratio for all solutions is 3. Spectra

acquired at 25°C.
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Figure 3.23. Proton NMR spectra of sodium zirconium

lactate solutions as a function pH (Series III solutions).

The ligand to metal ratio for all solutions is 4. Spectra

acquired at 25°C.
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Figure 3.24. Proton NMR spectrum of zirconium lactate

solution (B5-S) prepared by dissolving zirconium

tetralactate in D
2
0. The upper and lower spectra are of the

same solution; the vertical scale is expanded in the upper

spectrum. Spectrum obtained at 27°C
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Figure 3.25. Proton NMR spectrum of Tyzor 217 at 25°C.
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Figure 3.27.
13C NMR spectra of sodium zirconium lactate

solutions prepared using freshly diluted lactic acid (Series I

solutions). The pH of the solutions was between 6.5-6.9.

Signals due to intermolecular esters are marked with an

asterisk (*). Spectra acquired at 25°C.
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Figure 3.28.
l3C NMR spectra of sodium zirconium lactate

solutions prepared using refluxed lactic acid (Series II

solutions). The pH of the solutions is 6.8-7.2. Spectra

acquired at 25°C.
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Figure 3.29.
I3C NMR spectra of sodium zirconium lactate

solutions as a function pH (Series III solutions). The ligand

to metal ratio for all solutions is 3. Spectra acquired at

25°C.
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Figure 3.30.
l3C spectra of sodium zirconium lactate

solutions as a function pH (Series III solutions). The ligand

to metal ratio for all solutions is 4. Spectra acquired at

25°C.
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I3C NMR spectra of sodium zirconium lactate

solution (pH = 4.1, [LJ/fZr™] - 3) at 25°C and 4°C.
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Figure 3.32.
13C NMR spectra of sodium zirconium lactate

solution (pH - 7.2, [L]/[Zr
lv

]
= 3) at 25°C and 4°C.



141

CH(OH)

COO

r*~Vv*V'n'vv«vv'^^ WvjuwW*^ M^vWvVK*^lV^A^^*ww<vv#^^

I

"

195

'
I

'

190

T -\ | '
I

'
I I I I I I I ' I

185 ppm 86 84 82 80 78 76 74 72 ppm

Figure 3.33.
13C NMR spectrum of deuterated solution

B5-S, prepared by dissolving zirconium tetralactate in D2
0.

Spectrum acquired at 27°C.
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Figure 3.34.
l3C NMR spectrum of Tyzor 217 at 25°C.
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Figure 3.35. Two dimensional NMR homonuclear

correlation spectrum of solution B5-S at 27°C. The free

ligand signal is designated by "F"; coordinated ligand

signals are designated by "C".
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Figure 3.36. Two dimensional NMR heteronuclear spin

correlation spectrum of solution B5-S at 27°C. The free

ligand signal is designated by "F"; coordinated ligand

signals are designated by "C".
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Figure 3.37. Proposed structures for zirconium lactate complexes in

solution. The oxygen atoms indicated correspond to terminal (Zr-OH) or

bridging (Zr-(OH)-Zr) hydroxyl groups or oxygen (Zr-O-Zr) bridges.

Complexes are identified based on the zirconium structure: (a)

monomeric; (b) tetrameric; (c) oligomeric "open"; and (d) oligomeric

"closed".



CHAPTER 4

ZIRCONIUM LACTATE SOLID STATE CHEMISTRY

4.1 Introduction and Overview

The previous chapter examined the aqueous chemistry of zirconium lactate

complexes with the goal of determining their structure and chemistry in solution.

Additional structural and chemical information concerning the coordination of a ligand to

a metal ion can be gathered by studying complexes in the solid state. Whereas in the

solution state one typically encounters a complex in dynamic equilibrium, the solid

complex represents a steady state compound.

The precipitation of metal cations by complexing ligands has application in such

areas as the selective separation of metal ions from heterogeneous solutions. Among the

great number of ligands possible, cc-hydroxycarboxylic acids have found extensive use as

complexing agents for a variety of metals. Complexes of metal ions with acids such as

glycolic, lactic, mandelic, citric, and tartaric, for example, have been investigated [Ped87,

Nak65, Kan84, Bom90, She63, Kar75]. Vibrational spectroscopy is commonly used to

investigate the coordination of the ligand, and crystallographic analysis, where possible,

may allow for direct determination of the structure of the complex [Bom90,

Har99]. Solid state NMR spectroscopy may also be used, but this technique has found

much more limited application. In most cases it has been shown that these ligands are

146
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bidentate with both the carboxylic and hydroxyl oxygen atoms coordinating to the metal,

forming stable five or six membered chelate rings. The formation of chelate rings

contributes to the increased stability of these complexes versus simple carboxylate

ligands.

This chapter presents the preparation and analysis of solid zirconium lactate

compounds. Powders were precipitated from aqueous solutions by reacting zirconium

oxychloride octahydrate with racemic lactic acid under a variety of different solution

conditions. It is clear from published studies that solution conditions generally dictate the

chemistry of the precipitated compound, and highly acidic media are required to produce

the pure 4:1 complexes. Several of the methods employed are based upon those

presented in the literature for similar compounds [Lar72, Bar95]. Depending on the

precipitation conditions, compounds were produced with several different chemical

compositions, with ligand to metal ratios ranging from about 2.6 to 3.9. Characterization

of the compounds includes elemental analysis, thermal gravitational analysis, x-ray

diffraction, infrared spectroscopy, and magic angle spinning nuclear magnetic resonance

in order to examine the stoichiometry and structure of the complexes. Attempts to

produce crystals suitable for crystallographic analysis, including an unconventional

freeze/thaw precipitation technique, proved unsuccessful.
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4.2 Materials and Methods

4.2.1 Chemicals and Reagents

Unless otherwise noted, the chemicals and analytical reagents used are the same

as those described in Chapter 3. Refluxed lactic acid solutions at concentrations of 1-5

moles/L were used throughout. As described in Chapters 2 and 3, the refluxing of lactic

acid solutions promotes the conversion of the intermolecular esters (polylactic acids) to

the lactic acid monomer.

Acetone (Optima, Fisher Scientific) and ethyl ether (Certified ACS, Fisher

Scientific) were used for washing precipitated powder samples.

4.2.2 Sample Synthesis

Zirconium lactate precipitates were generally prepared by reacting aqueous

solutions of lactic acid with either zirconium oxychloride octahydrate or aqueous

solutions of this salt. Three primary methods were utilized to synthesize the precipitates

presented here. The first method (Method A) involved mixing the reagent solutions at

relatively high concentrations ([Zr
IV

] > 0.2 M) with low ligand-to-metal ratios

([LJ/jZr™] < 4). (Throughout this work, the quantity [L]/[Zr
IV

] will denote the ratio of

lactate and Zr
IV

concentrations in solution, and is not to be confused with the ratio of

lactate to metal found in the resulting precipitates, indicated by L/Zr.) In most cases

these conditions were found to result in a precipitate with a poorly defined x-ray

diffraction pattern. The second method (Method B) involved the mixing of reagents at
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low concentration ([Zr
IV

] < 0.02 M) and high [L]/[Zr
IV

] ratios (* 30) in excess HC1 and

concentrating the solutions by evaporating the solvent at elevated temperatures. The

resulting precipitates exhibited well defined x-ray diffraction patterns. The influence of

several synthesis variables on the resulting precipitates, such as temperature, [L]/[Zr
IV

],

and reagent concentration, were investigated. A third method (Method C) involved

combining a cooled reagent solution with a second solution that was frozen at subzero

temperatures, with the goal of controlling the precipitation rate at the phase interface to

produce crystals suitable for x-ray crystallographic analysis.

Precipitated powders were washed in organic solvents by repeated centrifugation.

Compounds that were obtained using methods A and C were first spun down in 50 mL

centrifuge tubes at approximately 3,000-4,000 rpm to separate the powder from the

supernatant, which was decanted. The tubes were then filled with acetone, mixed by

shaking, and ultrasonicated to redisperse the solids. The samples were again spun down

and the process repeated with acetone for the designated number of repetitions, followed

by similar washing with ethyl ether. Samples prepared by method B, in which the solvent

was removed by evaporation during the precipitation stage, were first resuspended in

about 50 mL acetone by stirring and ultrasonicating and then washed using the same

centrifuge method described above. All washed samples were dried in vacuo.

4.2.2A Method A

Table 4.1 gives a summary of all samples prepared using Method A. Detailed

descriptions of procedures for individual samples are given below.
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Al A 1 M solution of lactic acid was diluted with H2
as necessary to give four

40 mL solutions with lactic acid concentrations of 0.25, 0.5, 0.75, and 1.0 moles/liter. To

each of these solutions 10 mL 1 M ZrOCl2
solution was added while stirring, resulting in

immediate precipitation of a white solid in all solutions with the exception of the 0.25 M

([LJ/tZr™] = 1 ) solution, in which only a very small amount of precipitate is visible

initially. The volumes of solutions used in sample preparation are given in Table 4.2, and

were calculated in each case to give 50 mL solutions with a constant overall Zr

concentration ([Zr
IV

]
= 0.2 M). The slurries were stirred at room temperature overnight.

The precipitated powders were washed via centrifugation three times in acetone and once

with ether. The washed powders were dried overnight in air, then dried overnight under

vacuum. The sample designations given in Table 4.1 have the form "Al-«", where

« = [L]/[Zr
IV

].

The supernatants decanted from above the initial centrifuged samples were again

centrifuged at 15,000 rpm for 30 minutes to ensure the removal of all precipitated solids.

Portions of these supernatants were then prepared for ICP analysis by diluting in water to

appropriate concentrations.

A2 AIM solution of lactic acid was diluted with H
2

as necessary to give four

40 mL solutions with lactic acid concentrations of 0.25, 0.5, 0.75, and 1 .0 moles/liter.

The volumes of solutions combined were the same as given in Table 4.2. The solutions

were heated to 80°C in a round bottomed glass flask immersed in a silicone oil bath. To

the heated solutions, 10 mL 1M ZrOCl
2

solution was added resulting in immediate

appearance of copious quantities of a white precipitate, with the exception of the 0.25 M
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([L]/[Zr
IV

]
= 1) solution, in which only a very small amount of precipitate is visible

initially. The solutions were held at 80°C for 30 minutes before washing. Each sample

was washed via centrifugation three times with acetone and twice with ether. The washed

powders were dried overnight in air, then dried overnight under vacuum. The

designations given in Table 4.1 follow the same pattern as the Al samples.

The supernatants decanted from above the initial centrifuged samples were again

centrifuged at 15,000 rpm for 30 minutes to remove all precipitated solids. Samples of

these supernatants were then prepared for ICP analysis by diluting in water to appropriate

concentrations.

A3 To 50 mL water, 20 mL 2.5 M ZrOCl
2
was added. To this solution 30 mL

5 M lactic acid (refluxed 7.5 hours) was added while stirring, resulting in immediate

precipitation of a white solid. The resulting slurry was stirred overnight. The powder

was then washed via centrifugation three times in acetone and twice in ether. The washed

powder was dried overnight in air, then dried overnight under vacuum.

A4. A5 Sample A4 was prepared by dissolving 5.158 g ZrOCl
2
»8H

2
in 80 mL

water and heating to 80°C. To this solution 9.6 mL 5 M lactic was added while stirring.

A white solid began to slowly precipitate after approximately 10 seconds and the slurry

was stirred at 80°C for 2 days. The precipitate was then washed with acetone and ether

and dried under vacuum. Sample A5 was prepared by dissolving 5.159 g ZrOCl
2
*8H2

to 80 mL 3 M HC1 and heating to 80°C. To this solution 9.6 mL 5 M lactic acid was

added while stirring. A white solid began to slowly precipitate after approximately 15-
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20 seconds and the slurry was stirred at 80°C for 7 days. The precipitate was washed

with acetone and ether and dried under vacuum.

A6. A7 Sample A6 was prepared by dissolving zirconium tetrachloride in D2
to

produce a 1.6 M solution. To 30 mL of a deuterated lactic acid solution (ca. 15 wt. %

lactic acid-d
2
in D

20; see Chapter 3 for synthesis details) was added 7.5 mL of the 1.6 M

Zr
lv

solution to give a lactic acid to zirconium ratio of approximately 3. A white

precipitate appeared immediately. The precipitate was washed repeatedly in D
2

via

centrifuge and dried under vacuum followed by drying in a dessicator. Sample A7 was

prepared using a similar procedure with aqueous solutions for direct comparison. The

ZrCl4 solution in this case was 1.5 M in H
2
0. The precipitate was washed repeatedly with

H
2
0.

Table 4.1. Precipitation conditions for samples prepared

using method A.

[Zr
,v

]
[HC1] Temp.

Sample (moles/L) [L]/[Zr'
v

]
(moles/L) (°C)

Al-1 0.2 1 25

Al-2 0.2 2 25

Al-3 0.2 3 25

AM 0.2 4 25

A2-2 0.2 2 80

A2-3 0.2 3 80

A2-4 0.2 4 80

A3 0.25 3 25

A4 -0.18* 3 80

A5 -0.18* 3 3 80

A6 0.3 -3 25

A7 0.6 -3 25

* Concentration not compensated for the volume of added solids
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Table 4.2. Volumes of reagents combined to form

zirconium lactate precipitates using method A.

Volume (mL)

[L]/[Zr
,v

]
H

2
1.0 M lactic acid 1.0 M ZrOCl

2

1 30 10 10

2 20 20 10

3 10 30 10

4 40 10

4.2.2.2 Method B

An experimental procedure for crystallization of zirconium lactate precipitates

was devised based closely on studies by Larsen and Homeier [Lar72] and Barbieri et al.

[Bar95]. In a glass jar, a weighed quantity of ZrOCl
2
»8H

2
was dissolved in 3 M HC1 to

give a dilute solution ([Zr
IV

] < 0.02 M). To this solution was added 5 M lactic acid

(refluxed) to give a predetermined [L]/[Zr
IV

] ratio of 30 (for sample B3 a ratio of 4 was

used). The solution was then heated to evaporate the solvent by immersing the glass jar

in a hot mineral oil bath (except sample Bl). Bath temperatures of between 80-105°C

were used with varying results. Generally the temperature control allowed fluctuations of

approximately ± 5°C around the mean. The solutions were evaporated essentially to

dryness, leaving only a white precipitate in a thick paste of excess dehydrated lactic acid.

Precipitated samples were washed in acetone and ether, dried in air overnight, and then

dried under vacuum.

Table 4.3 shows the conditions used for each sample. It was discovered that the

temperature of evaporation, the value of [L]/[Zr
IV

], and the starting Zr
IV

concentration
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affected the properties of the precipitated phase, particularly with respect to the

crystallinity as determined by x-ray diffraction.

After the volume of solution Bl had been reduced by a factor of -20, a few

milliliters of the clear solution were carefully removed and placed in a glass vial, which

was cooled to approximately -18°C. After several days traces of a fine white precipitate

were visible in the vial. No crystals were observed that would be suitable for

crystallographic analysis.

Table 4.3. Solution conditions for precipitation of

crystalline zirconium lactate compounds using method B.

Sample 3MHC1 |Zr
lv

]
5 M lactic acid [L]/[Zr

,v
]

Bath temp.

(mL) (moles/L) (mL) (°C)

Bl 200 0.01 12.8 30 25*

B2 200 0.01 12.8 30 80

B3 200 0.01 1.7 4 95

B4 200 0.01 12.8 30 96

B5 400 0.014 37 30 104

B6 400 0.01 25.6 30 84

B7 400 0.01 25.6 30 97

B8 400 0.01 25.6 30 84

B9 400 0.01 25.6 30 85

BIO 400 0.02 48 30 86

* Solvent evaporated at room temperature

4.2.2.3 Method C

A number of attempts were made to precipitate crystalline zirconium lactate

compounds by the combination of a liquid reagent with another that had been frozen.

There has been one report that this method can be used to produce macroscopic single
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crystals of zirconium lactate.
12 The general procedure is to combine a stable solution of

soluble zirconium lactate with an acid solution. As seen in earlier work, acidifying these

solutions induces the precipitation of zirconium lactate solids. By performing the

reaction at lower temperatures the kinetics may be altered appreciably to allow large

crystals to form.

Aqueous solutions of soluble zirconium lactate, lactic acid, or HC1 at various

concentrations were cooled in clear plastic culture tubes to -18°C for at least 24 hours

until frozen. Typically 3-5 mL of solution were used. To the frozen solutions several

milliliters of a second solution were added to induce precipitation. In some cases the

added solutions were first cooled to 5°C. Table 4.4 outlines the solution preparation for

each sample, including the frozen phase and added solution. The mixtures were then

observed over time to detect precipitation.

The first type of mixture described in Table 4.4 consisted of acid solutions (HC1

or HN0
3 ) added to frozen zirconium lactate solutions (samples C1-C8). Similar mixtures

give rapid precipitation of zirconium lactate at room temperature. The zirconium lactate

solutions were prepared previously and have various compositions. The compositions of

these solutions are briefly outlined in Appendix C. Because the addition of concentrated

(5 M) acid was found to rapidly produce a precipitate in all samples, lower concentrations

of acid were experimented with using Tyzor 217 as a representative compound for the

frozen phase (see Table 4.4, samples C5-C8). (Tyzor 217 is a commercially supplied

sodium zirconium lactate compound described in Chapter 3.)

12
Private communication, DuPont Specialty Chemicals
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The second type of mixture involved reversal of the mixing order: acid solutions

were frozen and zirconium lactate solution (Tyzor 217) was added at two different

concentrations (C9, CIO). A third type of mixture involved 1 M ZrOCl
2
added to a

frozen 1 M solution of lactic acid to mimic the standard type of precipitation experiment

described by method A above.

All of the mixtures represented in Table 4.4 resulted in the precipitation of fine

particles that often remained suspended—in the absence of agitation—in the middle of

the culture tube at the location of the initial interface between the two solutions. Samples

in which the concentration of the reagents was lowered by dilution (C6-C8, CIO) tended

to take longer to show visible evidence of precipitation, however even mixture

incorporating the most dilute acid (C8) evidenced precipitation after approximately 60

minutes. Several of the samples (CI, C3-C4, CI 1) were washed twice in acetone and air

dried for further analysis. The results from these experiments demonstrated that this

technique does not appear to be effective in producing macroscopic crystals. X-ray

diffraction and IR spectroscopic analyses were performed on selected samples to show

that they are similar to samples prepared by methods A.
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Table 4.4. Precipitation experiments using sub-ambient

temperature precipitation technique (method C).

Sample Solution 1 Solution 2 Comments

(-18
cC)

CI D192-1* 5MHC1 Solution 2 cooled to 5°C

C2 D 179-2* 5MHN0
3

Solution 2 cooled to 5°C

C3 D174-1* 5MHNO, Solution 2 cooled to 5°C

C4 Tyzor 2 1

7

5MHC1 Solution 2 cooled to 5°C

C5 Tyzor217 3MHC1
C6 Tyzor 2 1

7

1 MHC1
C7 Tyzor 2 1

7

0.5 M HC1

C8 Tyzor 217 0.1 MHC1
C9 1 MHC1 Tyzor 2 1

7

CIO 1MHC1 Tyzor 217 (10 7 )

Cll 1 M lactic

;

icid 1 M ZrOCl, Solution 2 cooled to 5°C

See Appendix C for description of these solutions.

4.2.3 ICP Analysis

Supernatants from method A precipitations that were ultracentrifuged for ICP

analysis were diluted to the appropriate concentrations in water. Samples were analyzed

in a Perkin Elmer Optima 3200RL ICP spectrometer. A solution of 2% HN0
3
(Fisher

Scientific, TraceMetal Grade) in Milli-Q water was used as the calibration blank and

calibration standards were prepared by diluting a 1000 ppm Zr calibration standard

solution in 2% HN0
3 . Typically a one-point calibration curve was initially used to check

that the sample solutions were in an appropriate range for analysis. A three-point

calibration curve was used for obtaining final values.

4.2.4 Elemental Analysis

The carbon and hydrogen content of the washed and vacuum dried samples was

determined by combustion. The amount of oxygen corresponding to lactic acid could be
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estimated based on the data for carbon and the chemical formula for lactic acid (C
3
H6 3),

assuming one oxygen atom per carbon atom. This also assumes that all carbon present in

the compound is from lactic acid.

Zirconium content was determined by gravitational analysis. A small amount

(-0.2-0.4 g) of powder sample was weighed in a clean platinum crucible on an analytical

balance (A250, Fisher Scientific). The sample was heated gently with a propane torch to

burn out most of the volatile organic constituents. The ashed sample was then fired in a

box furnace at 10°C/min to 1000°C and held for 30 minutes. An alumina lid was placed

over the crucible during the burnout and firing steps. The sample and crucible were

weighed again after firing and the zirconium content of the sample was calculated

assuming complete conversion to Zr0 2
. X-ray diffraction of the fired samples confirms

monoclinic Zr0
2

.

The percent zirconium was also calculated from TGA curves based on the final

residue weight after heating to 1000°C (TGA procedure described below), but the above

method of manual calcination was found to be more statistically repeatable.

4.2.5 XRD

X-ray diffraction analysis was performed on a Phillips ADP 3720 diffractometer

using Cu Kct radiation. Washed and dried powders were analyzed on glass microscope

slides in the dry state. Samples synthesized using precipitation method B were analyzed

on glass slides as wet pastes when possible, prior to washing in acetone and ether.

Analysis of the unwashed samples proved to be a good screening procedure to identify

which products had well-defined XRD patterns prior to washing.
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4.2.6 TGA

Weight loss measurements were performed using a DuPont 951 thermal

gravimetric analyzer. Sample quantities of 20-30 mg were heated in a platinum pan in

dry air flow of approximately 50 mL/minute. Samples were heated to 1000°C using a

variable heating schedule in order to allow for sufficiently slow rates during critical steps

which involved large, rapid weigh loss. A typical heating schedule was: 5°C/min. to

200°C; l°C/min. to 350°C; 5°C/min. to 700°C; 10°C/min. to 1000°C.

4.2.7 FT-1R

FT-IR spectroscopy was performed on a Nicolet Magna IR 760 E.S.P.

spectrometer. The diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)

technique was used to analyze powder samples. A small amount of sample powder was

mixed with 1 gram of potassium bromide by grinding with a mortar and pestle. The

mixture was then placed in a sample cup, leveled, and analyzed using the Gemini diffuse

reflectance accessory (Spectra Tech). Spectra were acquired from 4000-650 cm"
1

or

4000^100 cm"
1

using 64 scans.

Early IR analysis was attempted by the "transflectance" technique using a

Continuum microscope accessory (Spectra Tech). With this technique sample powders

are placed on a mirrored slide and the IR beam is focused onto the sample via a

microscope objective lens and reflected off the slide back through the lens to the detector.

While eliminating some sample preparation prior to analysis (no KBr is necessary), this
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method did not repeatably produce the same quality IR spectra that were obtainable by

the DRIFTS method.

4.2.8 MASNMR

Solid state cross polarized magic angle spinning (CPMAS) nuclear magnetic

resonance analysis was performed on several representative samples. Spectra were

obtained on a Chemagnetics/Varian Infinity 500 NMR spectrometer operating in the

quadrature mode at 25°C. The resonant frequencies for
13C and 'H were 125.64 MHz and

499.62 MHz respectively. The spinning speed for all samples was 10.00 kHz. The 'H 90

degree pulse was 3.7 p.sec, and the contact time for cross polarization was 7 msec. The

i3C RF amplitude was linearly ramped by 20% during the contact time to correct for RF

inhomogeneity over the sample volume. TPPM decoupling (with pulses of 7.0 p.sec on

the 'H channel) was used during acquisition of the
13C signal. Typically 2000 to 10000

transients were accumulated. The spectral width was 60 kHz and the relaxation delay

was 4 s.

4.3 Results

4.3.1 Elemental Analysis

The results from elemental analysis of selected samples are presented in Table

4.5. The theoretical values for the pure compounds Zr(OH)(L)
3
and Zr(L)4 (L = lactate:

CH
3
CH(OH)COO) are given for comparison. The L/Zr column gives the calculated

number of ligand molecules per zirconium atom.
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Table 4.5. Elemental analysis of zirconium lactate

precipitates. Compositions are given in weight percent.

Measured values

Sample %Zr %C %H C/Zr

(mol%)

L/Zrt XRD

Al-1 27.28* 23.94 4.52 6.67 2.2 XA
A 1-2 23.93 24.34 4.57 7.72 2.6 XA
Al-3 23.11 25.93 4.67 8.52 2.8 XA
Al-4 22.72 25.94 4.54 8.67 2.9 XA
A2-2 23.80 26.81 4.49 8.56 2.9 XA
A2-3 23.60 26.92 4.63 8.66 2.9 XA
A2-4 23.26 27.04 4.70 8.83 2.9 XA
A3 22.72 25.57 4.53 8.55 2.9 XA
A4 24.32 26.87 4.15 8.39 2.8 XA
A5 25.60 26.75 4.13 7.94 2.6 X1+X2
A6 — ~ — ~ — XA
A7 — - — — — XA
Bl — ~ ~ — — XA
B2 21.08 30.59 4.30 11.02 3.7 XI

B3 - ~ - — - XA
B4 20.64 31.52 4.46 11.60 3.9 XI

B5 20.59 32.02 4.53 11.81 3.9 X2
B6 20.29 31.41 4.67 11.76 3.9 XI

B7 — ~ — — — X1+X2
B8 ~ — — — — XA
B9 20.43 31.53 4.44 11.72 3.9 XI

BIO 20.42 31.66 4.42 11.78 3.9 X2
CI — — ~ ~ ~ XA
C3 — - - ~ - XA
C4 - ~ — ~ ~ XA
Cll -- -- -- -- - XA

Compoundt %Zr
Theoretical values

%C %H C/Zr (mol%)

Zr(OH)L
3

ZrL4

24.29

20.40

28.79

32.20

4.30

4.51

9.00

12.00

* %Zr calculated from TGA weight loss of powder fired to 1000°C.

f L = lactate ligand (C
3
H

5 3
").
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4.3.2 ICP Analysis of Supernatant Solutions

The Zr™ concentrations of the supernatant solutions from method A precipitates

are given in Table 4.6. The data give an indication of the percentage of zirconium

initially in solution that was consumed by the precipitation of zirconium lactate

compounds.

Table 4.6. Concentration of Zr
IV
remaining in solution after

precipitation and the percent of total zirconium consumed.

Concentrations measured using ICP.

Sample

supernatant [Zr
lv

]
(M) % Zr consumed

Al-1 1.83x10-' 6.6

A 1-2 7.13xl0"
2 63.6

Al-3 2.63xl0"
3 98.7

Al-4 7.27xl0"
3

96.3

A2-2 1.53x10-' 21.5

A2-3 3.65xl0"
2

81.3

A2-4 1.48xl0-
3

99.2

4.3.3 XRD

Precipitated zirconium lactate powders usually exhibited one of three distinct

types of x-ray diffraction patterns. In a few cases the patterns appeared to be a

superposition of two of the major types. Two of the patterns contain distinct, narrow

peaks and have been designated "XI" and "X2". The third class of patterns is indicative

of a poorly defined crystal structure, with only a few very broad peaks, and has been

designated "XA". Patterns XI and X2 resulted only from method B, with only one
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exception, mentioned below. Throughout this discussion, compounds will often be

referred to according to their characteristic x-ray diffraction pattern, either XI, X2, or

XA.

Examples of XRD pattern XA for several samples are shown in Figure 4.1. The

pattern is characterized by very broad peaks centered at approximately 8°, 17°, and 23°

20. All of the samples prepared by method C that were analyzed exhibited the XA

diffraction pattern. Similar results were obtained for all of the precipitates prepared by

method A with the exception of sample A5, which was precipitated at 80°C from a very

acidic solution (3 M HC1). This sample appears to exhibit characteristics of both patterns

XI and X2.

Examples of the XI pattern are shown in Figure 4.2 for samples before and after

washing in acetone and ether. All of the samples exhibiting this pattern were prepared

using method B. In all cases, the washing procedure resulted in the evolution of a peak at

approximately 9.2-9.4° 20. Only sample B9 exhibited this small peak prior to washing.

Samples B5 and BIO exhibited the X2 pattern shown in Figure 4.3. This pattern

is characterized by a very high intensity peak at approximately 9.4° 20.

Figure 4.4 shows a comparison of the three types of XRD patterns observed. In

addition, samples B7 and A5 exhibited patterns with significant peaks at both -9.4° and

-10.3° 20 (not shown), and were considered to be mixtures of patterns XI and X2

(designated "XI +X2").

The results of x-ray diffraction analysis are included in Table 4.5, listing the type

of diffraction pattern observed for each sample under the column "XRD". It should be
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noted that while precipitation method B was almost exclusively responsible for producing

compounds with XRD pattern XI or X2, not all powders prepared by this method had

one of these two patterns. Samples B3 and B8 displayed pattern XA, while sample B7

displayed what appeared to be a combination of patterns XI and X2. Further analyses

(elemental and infrared spectroscopic) were not performed on these samples.

4.3.4 TGA

Representative weight loss curves are shown in Figure 4.5 for samples with

diffraction patterns XA, XI, and X2. . The curves share the same primary features; most

notably a sharp two step weight loss beginning near 200°C and ending at approximately

330°C, and a second small weight loss near 600°C. Samples with diffraction pattern XA

in general showed a significant (-5-8%) weight loss between 25-1 00°C. The XI and X2

compounds exhibited very little weight loss in this region. The magnitude of this loss

was smallest for those samples with calculated ligand to metal ratios closest to 4:1 by

elemental analysis (see Table 4.5). The magnitude of the final step transition near 600°C

was slightly higher for XA samples (2.2-3.2%) than for XI or X2 samples (1.3-1.9%).

A sample characteristic of the XA structure (Al-3) was heated to 120°C, after

which it lost approximately 7% of the overall mass. The elemental composition of this

sample was again measured, showing a loss in H content, but an increase in Zr and C.

This points to the loss of water, with no loss of zirconium or carbon expected under

120°C. The total mass of zirconium, hydrogen, carbon, and "organic" oxygen (oxygen

from lactic acid) was only 97%, indicating the presence of additional material remaining

in the compound, possibly OH.
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4.3.5 FT-IR

Samples exhibiting the same XRD pattern in general also exhibited very similar

IR spectra. Additionally, comparison of samples with different diffraction patterns

reveals that XA and XI samples exhibit strikingly similar IR spectra, with only a few

notable differences. The IR spectra of X2 samples, however, are distinct in a number of

important features. Figure 4.6 presents example IR spectra of samples corresponding to

each of the three types of diffraction patterns. This figure is representative of the spectra

obtained for each type of sample—XA, XI, and X2. Small variations in the spectra of

similar samples (the XI samples, for example) will be pointed out when they are

noteworthy.

The region 4000-2000 cm"
1

contains only two notable differences in the various

spectra: (1) a broad symmetric band centered at about 3370 cm"
1

and (2) a broad

asymmetric band with a maximum at -1800 cm"
1

. The latter is unique to samples B5 and

B10 (X2 diffraction pattern). The band at -3370 cm"
1

is absent in X2 samples, strongest

in XA samples, and appears as a shoulder of varying intensity in XI samples. All of the

spectra contain a complex broad band centered at about 2500 cm"
1

as well as several small

narrow bands between -2850 and 3000 cm"
1

.

The region between 1800^100 cm"
1

is more complex with several notable

differences among the spectra. Most of the XI samples exhibit a very weak band at about

1720 cm"
1

. The band at -1600 cm"
1

has a similar frequency for all of the XA and XI

samples, but is asymmetric and the maximum shifted to a slightly higher frequency for

the X2 samples. Likewise the region between 1450-1250 cm"
1

is very similar for all XA
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and XI samples with bands near 1400, 1315, and 1285 cm"
1

, while X2 samples in this

region have five bands, with the highest frequency band appearing at 1377 cm"
1

. There

are two bands in the region between 1000-900 cm"
1

that shift in relative intensity for

different samples. The XA samples have bands at -962 and -934 cm"
1

, with the higher

frequency band dominating. In XI samples a band at 932 cm"
1

dominates and the band at

962 cm"
1

is only present as a weak shoulder of varying intensity. In X2 samples the lower

frequency band is shifted to 936 cm"
1

and there is no evidence of the higher frequency

band near 962 cm"
1

. Both XA and XI samples have a band at -869 (±1) cm"
1

, while the

X2 samples show a doublet with peaks at 861 and 874 cm"
1

. Similar behavior is observed

for a band at 771 cm"
1

in the XA and XI samples that is split into a doublet with very

small separation of the two peaks in the X2 samples. The X2 samples also show a

distinct band at 653 cm"
1

, while all other samples show only a weak shoulder at this

frequency.

Several subtle differences in the spectra of XI samples are worth noting and are

shown in Figure 4.7. The two bands at -3370 cm"
1

and -962 cm"
1

are always weak but

vary in intensity from sample to sample such that an increase in the intensity of one is

accompanied by an increase in the other: the ratio of the intensity of the two bands

remains roughly constant for all of these samples. The two bands therefore appear to be

coupled. Comparing the elemental composition of the compounds shows that the

intensity of these two bands increases as the calculated lactate to zirconium ratio

decreases. Thus the bands are prominent in the XA samples which have very low lactate

to zirconium ratios.
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The spectrum of deuterated sample A6 is presented in Figure 4.8 along with

sample A7, prepared using the same procedure in aqueous conditions. The spectrum of

A6 shows prominent bands at about 2500, 2035, and 1950 cm"
1 which do not appear in

the protonated sample. There are also bands at 1449, 1000, and 736 cm"
1

that are not

observed in the protonated sample. In addition, there are several regions of the spectrum

of the deuterated sample that display shoulders or band asymmetry that are not observed

in the corresponding proton spectrum, including the shoulder at -1310 cm"
1

and the

asymmetry of the band at ~1 112 cm"
1

.

The IR spectra of sample A5 (diffraction pattern X1+X2) was found to be very

similar to the spectra of compounds classified with the XA diffraction pattern. The

results are not discussed further, since it is believed based on the x-ray data that this

compound is probably a mixture of multiple complex structures. The results for

compounds prepared by precipitation method C have similarly been omitted from further

discussion as the spectra were found to be similar in most aspects to other samples with

the XA diffraction pattern. The compounds therefore appear to be equivalent to the XA

samples.

4.3.6 MASNMR

The l3C cross polarized MAS NMR spectra of samples A3 and B10,

corresponding to the XA and X2 diffraction patterns, respectively, are presented in

Figures 4.9 and 4.10. The signals in both the carbonyl (COO) and methine (CH(OH))

regions show distinct features in the two samples. Whereas there is only one signal in

each region for sample A3, the signals for sample B10 are both doublets and are shifted
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to higher frequency compared with sample A3. Additionally, the spectrum of the

carbonyl region for sample BIO (Figure 4.10) shows evidence of a weak signal at

181.3 ppm corresponding to the single peak found in the spectra of sample A3.

4.4 Discussion

4.4.1 Elemental Analysis

In general, samples with diffraction pattern XA had stoichiometries that were

significantly different from the theoretically pure 3:1:1 (ligand:metal:hydroxide)

hydroxylated compound (Zr(OH)L
3), with the actual ligand to metal ratio (L/Zr) falling

somewhere between 2.2 and 2.9. Increasing the temperature of the precipitation and the

amount of excess ligand in solution, however, caused an increase in the calculated L/Zr

ratio of the resulting solid compound, such that sample A2-4 is very close to the

theoretical value of 3.0 (see Table 4.5). It is difficult to determine what fraction of the

remaining mass unaccounted for by the analyses could be due to absorbed water or OH.

The data for the compounds with XRD pattern XI (samples B2, B4, B6, and B9)

and X2 (samples B5 and BIO) suggest a 4:1 complex. All of the L/Zr values are between

3.7 and 3.9, with the X2 samples most closely approaching the ideal value of 4.0. There

may be small amounts of zirconium lactate with lower L/Zr values (as in the diffraction

pattern XA samples) in these compounds which give rise to overall values slightly lower

than 4.0.
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4.4.2 ICP Analysis

Increasing the amount of excess ligand in solution increases the fraction of

zirconium precipitated from the solution (see Table 4.6). A ligand to metal ratio of 1 :

1

results in the precipitation of only about 7% of the initial zirconium at room temperature.

Increasing to a ratio of 3:1 increases the precipitated fraction to almost 99%. The

observation that the higher temperature solutions actually consumed less zirconium for a

given solution composition is misleading since the time of precipitation was much

shorter, only 30 minutes, for samples precipitated at 80°C, compared to several hours for

the compounds precipitated at room temperature.

4.4.3 XRD

The occurrence of two distinct XRD patterns (XI and X2) observed for

compounds with essentially the same lactate to zirconium stoichiometry has not been

reported in the literature. Larsen and Homeier [Lar72] reported no x-ray diffraction data

for their zirconium lactate compounds. Barbieri et al. [Bar95] reported a diffraction

pattern for a 4:1 complex which does not appear to match either of the patterns found in

the present work. Although suitable crystals were not produced for performing

crystallographic structural analysis, it is evident from the two diffraction patterns that the

corresponding compounds are structurally inequivalent.

The effect of washing samples with diffraction pattern XI (Figure 4.2) suggests

that there is a conversion of the crystal structure of the compounds. The additional peak

that appears between 9.2-9.4° 20 in washed samples coincides with the primary peak in
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pattern X2 (Figure 4.3). It should be noted that the converse behavior (i.e., appearance of

XI peaks in diffraction patterns of washed X2 samples) is not observed.

At the present time the experimental factors responsible for producing compounds

with either the XI or X2 crystal structure are not completely understood. Precipitation

method B did not allow for precise control of solution temperature, with fluctuations of

±5°C not uncommon over the duration of the experiment, which could take up to 72

hours. In spite of the uncertainty in temperature, however, it seems reasonable based on

the data to state that this does not appear to be a controlling variable. One commonality

among precipitation conditions for the pure X2 samples B5 and BIO is an increased

starting concentration of the reagents in solution prior to evaporation ([Zr
IV

] > 0.14 M)

compared to other solutions. It should be noted as well that two samples (B6 and B8 )

precipitated using essentially identical conditions exhibited two drastically different XRD

patterns (XI and XA respectively). It appears, then, that small changes in solution

chemistry can result in dramatic differences in the molecular structure of the compounds

formed. Ultimately there is insufficient data to establish causation with respect to

synthesis conditions and the resulting crystal structure of the compounds produced in the

example above (samples B6 and B8), as the conditions were essentially identical within

the control of the experiment. More generally, however, it can be concluded that the

acidity of the solution is a critical variable, with the pure 4:1 crystalline compounds only

forming from solutions with [H
+
]
= 3 M or higher.
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4.4.4 TGA

TGA curves are similar to those presented in the literature for similar compounds

[Bar95]. The 5-8% weight loss between 30-1 00°C is most likely from water, and occurs

primarily in the XA samples. Samples with empirical formulae close to the theoretical

Zr(L)4 tend to have little or no initial weight loss in this region. The degree to which the

samples lose weight in this region correlates with the amount of deviation from the pure

4:1 stoichiometry. The pyrolysis of organic occurs in a rapid two step process between

approximately 180-350°C. The final step at approximately 570-620°C is probably due

to condensation of residual hydroxyl groups with the removal of water to form Zr02 . The

fact that this final step was slightly higher for XA samples (2.2-3.2%) versus XI or X2

samples (1.3-1.9%) may be evidence of more hydroxyl bridges between zirconium atoms

in the XA compounds.

4.4.5 FT-1R

Information about the coordination mode of the carboxylate group can be

gathered based on the magnitude of Av, the difference in the asymmetric and symmetric

vCOO vibrational modes (Av = v
as
COO - v

s
COO). In general, it is known that Av greater

than that of the free ion imply a monodentate carboxylate coordination, while Av lower

than that of the free ion are related to a bidentate carboxylate coordination [Dea80,

Kak87, Tac89]. The value of Av determined for free lactate in solution is 161 cm'
1

(see

Chapter 3). For the compounds investigated here, Av ranges from 192-205 cm"
1

for XA

samples, 213-214 cm"
1

for XI samples, and 236-240 cm"
1

for X2 samples. All of these
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values strongly suggest that the carboxylate groups in the present compounds have

monodentate coordination.

In the case of X2 compounds, the v
as
COO band is quite asymmetric in appearance

compared to the other spectra (Figure 4.6). A similar observation was reported by Larsen

and Homeier [Lar72] for a 4:1 zirconium lactate compound and attributed to the presence

of more than one type of zirconium-carboxylate bond. This conclusion is supported in

the present work as well, based on the preponderance of IR and NMR data.

The presence of a very small band at 1720 cm"
1

in the spectra of several of the XI

samples (Figure 4.7) indicates that there is a small amount of protonated acid present.

The region between 3600-1750 cm"
1

contains important information regarding the

OH stretching modes. The frequency and shape of vOH bands are expected to change

appreciably due to inter- or intramolecular hydrogen bonding interactions and

coordination of the hydroxyl oxygen to a metal ion. The strength of the hydrogen bond

and the nature of the metal-oxygen interaction both effect the observed vOH shifts

[Bel75, Mal67, Kar75]. The broad band centered at approximately 2500 cm"
1

has been

assigned previously to the vOH modes of the ligand in a zirconium tetramandelate

complex in which the ligand hydroxyl group is both coordinated to the metal and

hydrogen bonded to a neighboring carboxyl oxygen [Kar75]. Larsen and Homeier have

noted in addition that bands in this region, observed in the spectra of zirconium

tetra(mandelate and lactate), are due to the harmonic motion of hydrogen bonds [Lar72].

They also observed a weak, broad band at -1800 cm"
1

in the spectrum of a zirconium

tetralactate compound which was attributed to the effect of hydrogen bonding of the



173

hydroxyl group as well. This band is similar to that observed in the present work in the

X2 samples (see Figure 4.6). The much lower frequency of this band indicates a stronger

additional H-bond than is present either the XI or XA compounds.

The assignment of bands above 3000 cm"
1

becomes more complicated in

complexes involving metals such as zirconium, which easily hydrolyze and may contain

terminal or bridging OH groups. The OH stretching mode of MOH groups in metal-

hydroxide complexes occurs above 3000 cm"
1

[Nak86, Mal67, Fer65], with the frequency

dependent on the metal ion, which dictates to some degree the nature of the metal oxygen

bond. With metal complexes of hydroxy acids there is therefore the possibility for

uncertainty as to whether absorptions in this region should be assigned to the alcohol

group of the ligand or to MOH groups. A broad band at 3320 cm" 1 was found by

Karlysheva et al. [Kar75] in the spectra of hydroxylated zirconium and hafnium

complexes with mandelic acid, but not in the spectra of the pure tetramandelate

complexes (similar to the results of the present study). The band was assigned to both

non-hydrogen bonded OH groups of the ligand coordinated to the metal and terminal

MOH groups. A similar band can be found in the spectra of a hydroxy zirconium lactate

complex, the nature of which the authors did not discuss [Lar72]. Pure complexes of

glycolic acid with bivalent metals having 2:1 ligand:metal stoichiometry exhibit no bands

in the region 3200-3400 cm"
1

[Nak65], while hydroxylated glycolic acid complexes of

zirconium and hafnium do exhibit absorption bands in this region which the authors

attribute solely to hydrogen bonded OH groups [Pet72]. In the case of the Co" glycolate

complex [Nak65], a shift of the vOH mode from 3420 cm"' for glycolic acid to 3090 cm"
1
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in the complex is observed. The authors noted that this shift can be due to both hydrogen

bonding and coordination of the oxygen to the metal ion, but that the two effects cannot

be separated. Mishra et al. [Mis89] have reported a band near -3400 cm"
1

in various

zirconium complexes that reportedly contain the structure of Clearfield's tetramer

(Zr
4(OH) 8

8+
), and assigned this band to both water coordinated to zirconium and bridging

OH groups in the tetramer.

In the present study, the band at -3370 cm"
1

is not seen in the compounds that are

closest to the stoichiometrically pure zirconium tetralactate, and appears in other

compounds in proportion to their deviation from this ideal elemental composition. Hence

in the spectra of the X2 compounds there is no sign of the band, while it is prevalent in

the XA compounds. It is largely absent from the XI compounds, but appears as a very

weak shoulder in certain samples (see sample B2, Figure 4.7). As mentioned already, the

band at 3370 cm"' appears to be coincident with the band at -962 cm"
1

: samples with a

large band at 3370 also have the most significant occurrence of the band at 962. This

suggests that the two bands belong to different vibrational modes of the same group. The

band at 962 cm"
1

is most likely too low for it to be the 80H mode of the hydroxy group of

the ligand. In the spectrum of lactic acid, OH deformation bands appear at 1390 cm"
1

and

coupled with the C-OH stretch at about 1100 cm"
1

. However, MOH deformation

vibrations are known to occur below 1000 cm" 1

[Nak86, Mal67], and SZrOH bands have

been found in this region in solid ZrOCl
2
»8H2 [Bur82]. Ferraro and Walker [Fer65]

demonstrated that a band at 955 cm'
1

in a hydroxy bridged copper complex was due to

80H deformations (see also the discussion in Chapter 3, Section 3.3.4).
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In light of the above discussions, possible explanations for the bands at -3370 and

962 cm'
1

in the spectra ofXA compounds include: (1) the occurrence of a second distinct

type of ligand hydroxyl coordination mode or (2) the occurrence of metal hydroxide

groups (ZrOH). The latter explanation is currently favored. It is true that water would be

expected to absorb in the region above 3200 cm"
1

, but this would not explain the

concurrent appearance of the lower frequency band at 962 cm"
1

. The striking similarity

between the spectra of XI and XA samples with the exception of these two bands

suggests that the coordination mode of the ligand remains essentially identical in both

compounds, in spite of the significantly altered elemental composition. This suggests

that the extra bands noted above are due to the replacement of ligands by terminal

hydroxyl groups in XA samples.

The extra bands in the spectra of X2 compounds in the region 1400-1250 cm"
1

when compared with the other compounds (Figure 4.6) could be explained by multiple

coordination modes of the ligand to the metal. This has already been mentioned above

with respect to the asymmetric shape of the v
asCOO band at -1615 cm" 1

. The region

1400-1250 cm"
1 may also contain 50H bands of the coordinated ligand hydroxyl group

[Gou60a], as well as additional v
s
COO bands that would correspond to the multiple

overlapping v
as
COO bands. The possibility of vibrational coupling, however, makes

unambiguous assignment difficult.

The single band at 869 (±1) cm"
1

in the spectra of all XA and XI compounds

corresponds closely with the frequency of the vC-COO vibration of lactic acid. The

splitting of this band into a doublet at 879 and 861 cm"
1

in the X2 compounds tends to
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further support the suggestion that there are multiple inequivalent local environments for

coordinated lactate which are manifest as variations in the vibrational frequencies of

particular bonds. The band at -775 cm"' is also split into a doublet in the X2 samples. A

band in this region was assigned to Zr-0 stretching by Karlysheva et al. [Kar75]. This

doublet is further evidence for multiple types of environments for the coordinated ligand.

It seems reasonable to assign the two bands near 1100 cm"
1

to the vC-OH and

80H coupled vibrations that are located at a similar frequency in the spectrum of lactic

acid (see spectra in Chapter 3). Several studies have shown that shifts of the vC-OH

bands of hydroxy acids are an indication of the participation of the hydroxyl group in

chelation to the metal ion [Pet72, Kar75, Gou60a]. However, it is also possible that no

appreciable shift occurs in these vibrational frequencies that would suggest such

involvement [Kak87] and it is difficult to make such a determination based on the vC-OH

vibration alone.

Bands below about 700 cm"
1

can be due to a number of molecular motions,

including metal-oxygen bonds, complex chelate ring deformations, and skeletal mod?

vibrations, with couplings between different vibrational motions common [Pet72, Nak65,

Nak86, Lar72]. The result is that bands can typically contain character from multiple

vibrations and unambiguous assignment in this region is difficult.

The spectrum of the deuterated sample (sample A6, Figure 4.8) clearly reveals

that this sample is in fact only partially deuterated, as there is still a strong band at

3369 cm"
1

corresponding to vOH vibrations. However, the deuterated analog of this band

is observed shifted to 2500 cm"
1

, superimposed on the usual broad band located in this
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region that has been discussed above and is due to hydrogen bonded OH groups. The

broad band centered at -2500 cm"
1

in the protonated spectra (Figure 4.6) has in turn been

shifted to about 2000 cm"' in the spectrum of sample A6. The small shoulder at

1 000 cm"
1

could be a shifted 50D band, which would correspond to a 50H band near

1300 cm"
1

. The band at 736 cm" 1

could be the shifted 8ZrOD band that corresponds to the

SZrOH band identified at 962 cm"
1

in the protonated samples, as the appearance of the

lower band in the deuterated sample is at the expense of the higher band. Very similar

behavior was observed by Ferraro and Walker [Fer65], who noticed a band shift from 955

to 710 cm"
1 upon deuteration of a hydroxy bridged copper complex. The similar presence

of a very weak band at 745 cm"
1

in the protonated sample (A7) while all other XA

samples have no band in this range could be due to unintended deuterium contamination

of the sample from the washing procedure.

4.4.6 MASNMR

The presence of two partially overlapping COO and CH(OH) signals for sample

B10 (Figure 4.10) indicates two types of magnetically inequivalent lactate ligands

coordinated to zirconium in this compound. This is in agreement with the IR data

presented above and reveals that there are two distinct coordinated ligand environments

in this crystal structure. The difference in chemical shift compared to sample A3 (Figure

4.9) indicates that neither of the coordinated ligands in compounds with the X2 structure

are magnetically equivalent to those found in the XA structure. The presence of the weak

signal at 181.3 ppm in the spectrum of sample B10 points to a small amount of lactate in

this compound that is equivalent to the lactate found in sample A3. There is therefore
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evidence of small amounts of the XA type of zirconium lactate compound present as an

impurity in sample BIO (X2 diffraction pattern), a finding which has been supported as

well by elemental and IR data.

4.4.7 Molecular Structures

Based on the data presented above, the structures favored for the compounds in

the present study would contain five membered chelate rings in which the metal is

bonded to both the carboxylate group and the hydroxy group. In addition, the hydroxy

group of lactic acid appears to be involved in an intermolecular hydrogen bond. The

existence of zirconium in the form of Clearfield's tetramer (Zr4(OH)8

8+
) or other hydroxyl

bridged structures is ruled out in the case of the XI and X2 compounds by elemental

analysis alone. These structures have the empirical formula ZrL4
and must involve

zirconium atoms completely complexed by lactate ligands as in Figure 4.11 (a). The

samples prepared by methods A and C, which exhibit x-ray diffraction pattern XA, have

slightly less than three ligands per zirconium atom and appear to have terminal or

bridging OH groups on the metal atoms which displace the ligands (Figure 4.1 1 (b)). The

lactate ligands in these compounds have essentially the same coordination as found in the

XI samples. These proposed general structures were also supported by studying NMR

spectra of two respective types of compounds (X2 and XA) dissolved in aqueous solution

(see Chapter 3).

In the case of the X2 compounds, there is sufficient evidence to support the

presence of more than one type of ligand coordination to zirconium. This is evidenced in

the IR spectra of these compounds as additional bands in the COO stretching regions and
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double bands in the C-COO and Zr-0 stretching regions. The double signals observed in

the NMR spectra also support this conclusion. The NMR spectra suggest further that

neither of the two ligand arrangements in these compounds are equivalent to the

arrangement in the XI or XA compounds. The X2 compounds also show evidence of

additional hydrogen bonding, in a broad IR band at 1800 cm"
1

, not seen in other

compounds. This type of hydrogen bonding is believed to occur between ligand alcohol

and carboxylate groups [Lar72, Bom90]. It is possible that this interaction of the

hydroxyl hydrogen with the carboxylate group affects not only the stretching frequency

of the OH groups, but affects the IR vibrational frequency of the carboxylate group and

the NMR chemical shift of the carbonyl and methine carbon atoms. Hence the multiple

bands in the IR spectra due to COO vibrations (Figure 4.6) and the multiple COO and

CH(OH) NMR signals (Figure 4.10) could be related to additional H-bonding in the

crystal structure.

Specific molecular arrangements in these compounds can not be determined from

the data. Several authors have proposed hydrogen bonds between specific functional

groups for zirconium mandelate complexes [Kar75, Lar72], but this type of conclusion

would be purely speculative here based on the data presented above. In both of the cited

studies, the proposed hydrogen bonds were intermolecular between ligands coordinated

to the same zirconium atom. This apparently ignores the possibility of intermolecular

hydrogen bonds occurring between ligands coordinated to a neighboring zirconium atom.

Bombi et al. [Bom90], for example, demonstrated this type of hydrogen bond by

crystallographic structure determination of an aluminum lactate complex (Al(Lact)
3 ).

They confirmed that a hydrogen bond existed between the coordinated hydroxyl group
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and the carbonyl groups of ligands from neighboring Al(Lact)
3

entities. Larsen and

Homeier [Lar72] proposed a complex structure that involved both bridging and non-

bridging mandelate ligands. Bridging ligands were coordinated to one zirconium ion via

the hydroxyl group and to a neighboring zirconium ion via the carboxylate group. Such a

structure is certainly possible here, but the data do not conclusively confirm this.

4.5 Summary and Conclusions

Subtle differences in solution chemistry result in the precipitation of one of

several compounds with distinct structures, as evidenced by x-ray diffraction, vibrational

spectroscopy, and NMR, with the initial Zr
IV

concentration identified as a possible

controlling variable. This effect is perhaps intuitive, but could point to complicated

equilibria in solution leading to precipitation and may prove to be a confirmation of the

hypothesis of Larsen and Homeier [Lar72] that the state of the zirconium ions in

solution—as determined by the hydrogen ion and zirconium ion concentrations

—

determines the type of compound precipitated. Further investigation into the

precipitation conditions which yield specific structures in the resulting complexes is

necessary to establish this effect empirically. Whatever the dominant hydrolytic state of

the zirconium species in solution, it is clear from the available data that the XI and X2

compounds produced do not contain hydroxyl bridged structures, as there are four lactate

ligands per zirconium ion. The precipitation of these compounds therefore involves the

complete replacement of hydroxyl groups by lactate ligands.
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A further crucial solution variable in the precipitation is the acid content, with the

4:1 complexes (XI and X2 compounds) only produced from solutions with an added acid

concentration of 3 M or more in the present study, regardless of whether the solids were

precipitated rapidly from concentrated solution ([Zr™] = 0.18 M, sample A5) or slowly by

evaporating the solvent from a more dilute solution ([Zr
IV

] < 0.02 M, method B

precipitates). In the present study, only compounds approaching a 4:1 lactate:zirconium

stoichiometry exhibited diffraction patterns with intense, narrow peaks. The molecular

structures of these compounds appear to have a greater degree of long-range order than

observed in the XA compounds, which exhibited XRD patterns with very broad peaks.

The presence of residual hydroxyl groups appears to inhibit crystallization by the

formation of a random hydroxide-bridged zirconium network. This is consistent with the

formation of zirconium hydroxide gels from zirconium salt solutions. A high acid

concentration in the formation of crystalline compounds therefore appears to enable

crystallization by limiting rapid hydrolysis of zirconium and the subsequent formation of

random hydroxyl bridged networks.

The two types of 4:1 (lactate:zirconium) compounds produced exhibit

significantly different x-ray diffraction patterns, a result not previously demonstrated for

this system. In both cases the carboxylate and alcohol groups of lactic acid are

coordinated to zirconium. For X2 samples there are at least two distinct environments for

the lactate ligand, while for the XI samples there appears to be only one. This could be

related to additional hydrogen bonding observed for the X2 compounds. The XA

compounds that were produced by rapid precipitation from solutions with little or no
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excess acid have lactate coordination similar to that seen in the XI compounds, but with

fewer ligands per zirconium and the balance most likely made up of terminal or bridging

hydroxy 1 groups.
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coordinated with lactic acid, linked to neighboring

zirconium atoms via double hydroxide bridges



CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 Summary

In the solid state, three distinct zirconium lactate compounds have been isolated.

Two of the compounds (labeled as XI and X2) contain four lactate ligands per zirconium

ion but exhibit notably different crystal structures, as determined by x-ray diffraction, and

different lactate coordination as demonstrated by both IR and NMR spectroscopy. The

experimental conditions necessary to produce these 4:1 (lactate:zirconium) crystalline

compounds include very high acidity (in this study, [H
+

] > 3 M). However, the specific

solution conditions that determine which compound (XI or X2) is precipitated are not

clear. A compound with between 2 and 3 ligands per zirconium is also easily precipitated

(compound XA) which exhibits only very broad XRD peaks. This material contains

additional non-ligand related oxygen, which is probably present as hydroxide or oxide

bridges and as absorbed water.
»

The XI compounds appear to have only one type of coordinated lactate

environment. This coordination is very similar to that occurring in the XA compounds.

The X2 compounds have at least two distinct coordinated lactate environments, and also

exhibit additional IR bands that indicate additional hydrogen bonding. This could be the

cause of the general variation in ligand coordination detected by both IR and NMR. It

194
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should be noted that in all cases the lactate coordination is found to be bidentate,

involving the hydroxyl and carboxylate group. The observed differences in coordination

discussed here, therefore, involve variations in the environment surrounding the lactate

ligands due to intermolecular or intramolecular interactions, and not multiple types of

lactate coordination (i.e. bidentate, unidentate, bridging, etc.). It is possible that the

participation of both the D and L enantiomers of lactic acid in complexation could

contribute to the existence of local inequivalent ligand environments due to the

stereospecific arrangements of the two species.

It has been confirmed that lactic acid coordinates to zirconium in the solution state

through both the alcohol and carboxylate groups. Several types of complex structures are

indicated by the experimental results. Small complexes consist of lactic acid coordinated

to single zirconium ions or to polynuclear hydroxylated zirconium ions. In either case,

the total number of zirconium ions in the complexes is small, such that the molecules are

free to rapidly rotate in solution. Larger complexes formed by a more extensive network

of oxygen-bridged zirconium ions comprise a second class of zirconium lactate complex

that is much less mobile in solution due to the greater size and to molecular arrangements

that further hinder the rotational motion. The relative abundance of either type of

complex or the equilibrium between the two species is not quantitatively determined.

The average number of ligands per zirconium ion in solution is approximately 2.

The NMR data suggest that this value is relatively constant from a pH range of about 4 to

9. Infrared results that suggest an increase in the amount of free ligand in solution as the

pH is increased are in contradiction with the NMR data. However, ambiguity in

assigning vibrational bands casts some doubt on the IR results. The exchange rate of
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lactate with zirconium becomes more rapid as the pH is lowered. This is probably related

to the increased tendency toward the protonation of lactic acid at low pH. Evidently the

effect of acid protonation is to increase the lability of the complexes.

The dissolution of a crystalline 4:1 (lactate:zirconium) compound revealed that

the resulting aqueous solution contained a much lower incidence of the large complexes

than observed in ordinary solutions analyzed previously. This supports the interpretation

of the NMR data discussed above. It also indicates that complexed zirconium ions that

have been isolated from neighboring ions by eliminating bridging oxygen species do not

immediately hydrolyze in solution to form large polynuclear hydroxy ions, even at

neutral and higher pH. This demonstrates the ability of lactic acid to chelate zirconium

and prevent rapid hydrolysis at solution conditions that would otherwise result not only in

the formation of polynuclear ions, but promptly cause the precipitation of hydroxides

from solution.

The zirconium lactate solutions prepared in this manner denote a departure from

the traditional method of preparation which generally involves aqueous mixtures of a

zirconium salt with lactic acid. The notable difference in the nature of the complexes in

such a solution compared to those prepared by traditional routes could potentially have a

significant effect on the performance of these compounds as crosslinking agents. In other

words, if zirconium ions are the fundamental reactive sites responsible for crosslinking,

then such marked differences in the states of the zirconium ions chould significantly

affect crosslinking. Large polynuclear zirconium species will result in crosslinked gels

with different properties than gels in which the crosslinking species are much smaller.

The specific nature of the effect that this variation in crosslinker chemistry would have on
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crosslinked gels should be determined empirically. This has implications beyond the

field of hydraulic fracturing and extends to many of the other crosslinking applications

discussed in Chapters 1 and 2.

.

5.2 Recommendations for Future Research

A number of themes for further research have presented themselves during the

course of this study. Several of these have arisen as a direct result of the findings

presented here. Suggested directions include studies to continue the investigation of

zirconium lactate complexes themselves and to examine the effect that the different

methods of solution preparation have on the performance of the zirconium lactate

chelates in real life applications.

It would be of particular interest to examine the zirconium-oxygen bonds in this

system. These would include both ligand-metal coordinate bonds and zirconium-oxygen

bonds related to bridging oxygen atoms or terminal hydroxyl groups. Two experimental

techniques well suited for this type of study are
17 NMR and Raman spectroscopy. As

mentioned in Chapter 3, the
17 NMR experiments presented in this work could be

improved upon using enrichment to increase signal strength. Raman spectroscopy at

wavenumbers below about 700 cm"
1 would reveal Zr-0 bond vibrations not attainable in

this research. Both of these techniques would allow the researcher to examine both the

ligand coordination and the hydrolysis reactions that cause large polynuclear zirconium

species. Such studies would provide a confirmation of the bridged zirconium ion

structures proposed in the present study.
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Because the solution experiments have identified polynuclear hydroxylated

zirconium lactate complexes, it would be of interest to investigate these solutions using

experimental techniques capable of identifying the size of the small pseudo-particles.

Small angle x-ray scattering is well suited to such analyses, and has been applied to study

polynuclear hydroxylated zirconium ion equilibria in aqueous solutions, where the

effective diameter of the species was on the order of several angstroms [Sin96]. Dynamic

light scattering may also be of use for characterizing the zirconium lactate complexes

proposed in the present work.

Solution experiments using optically pure lactic acid should be performed to

investigate the role of stereochemistry in producing multiple NMR signals corresponding

to the bound ligand, an effect not addressed in this research. The effect of time, pH, and

temperature on the state of the complexes in solution would be of interest as well. For

example, how quickly do the zirconium species in the small complexes hydrolyze to

become the large hydroxy ion complexes?

Finally, the logical extension of this work is to investigate the interaction of

zirconium lactate complexes with a fracture fluid. Model monosaccharides can be used

to represent the functional groups of a polymer such as guar. A powerful technique such

as NMR could be used to study the complexation of zirconium by the monosaccharide in

much the same manner as the work presented here. Analysis of a mixed ligand system

(i.e. lactate-zirconium-monosaccharide) would constitute a suitable representation of the

species present during an actual fracturing treatment. It would also be of great interest to

investigate the effect that the complex size, as identified in this work, has on the

performance of zirconium lactate solutions in actual crosslinking processes. Toward this
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end, rheological measurements could be performed on fluids crosslinked with the

unconventional zirconium lactate solutions prepared in this work by the dissolution of the

solid zirconium tetralactate. These results should be compared with the large volume of

data available for systems crosslinked using the traditional, commercially available

compounds.



APPENDIX A
CONSIDERATIONS FOR CALCULATING THE

CONCENTRATION OF LACTIC ACID SOLUTIONS

The 'Traction of titratable acidity" of a lactic acid solution (discussed in Chapter 3

and presented in Figure 3 . 1 ) is calculated based on the concentration of the initial reagent

solution reported by the manufacturer, i.e. -88%. It represents the moles of titratable

acidity in solution (determined titrimetrically) divided by the calculated moles of lactic

acid in the prepared solution. The assumption is made that when the stock reagent

solution is diluted all of the lactic acid is present as the monomer, allowing the

concentration of the diluted solution to be calculated accordingly: the moles of lactic acid

are determined from the measured mass of the stock solution, the density (reported by the

manufacturer), and the formula weight of lactic acid (90.08).

We have seen, however, that this assumption is not strictly correct—there are

higher molecular weight esters present in an 88% solution. This naively calculated value

for the lactic acid concentration, then, will be an overestimation, with the amount of error

directly related to the concentration of the stock solution, which governs the esterification

equilibrium. This can best be conceptualized by considering that the average formula

weight of the lactic acid monomer decreases when esterification occurs due to the

condensation of water, i.e. completely polymerized lactic acid loses one molecule of

water per lactic acid molecule (see the condensation/polymerization reaction in

200
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Section 2.4.2) and the formula weight of the monomer becomes 72.06

(90.08-18.02 = 72.06) [Fil44]. Conversely, hydrolysis of this polymerized solution

involves the addition of one mole of water per mole of lactic acid, with the resulting gain

in mass accounting for a 25% increase in the molecular weight.

^(72.06 + 18.02)^1 nn ^ rn/
x 100 = 125%

V 72.06 J

Hence the notation specifying that a solution can contain a maximum of 125% lactic acid.

In the present study the goal is to use the titration data as a probe for determining

optimum refluxing times and to demonstrate experimentally the hydrolysis/condensation

reactions of lactic acid and the implications of this chemistry. The most important feature

of Figure 3.1 is the refluxing time at which the titratable acid fraction reaches the

maximum, indicating equilibrium for that concentration (no further hydrolysis will

occur). This marks the minimum reflux time sufficient to achieve equilibrium.



APPENDIX B
NOTATION AND CHEMICAL FORMULAE

Abbreviations and Symbols in Spectroscopy

Infrared

V Stretching

8 In-plane deformation

r Rocking deformation

' as Asymmetric

s Symmetric

AC Acid group

AL Alcohol group

NMR

5 Chemical shift

$h 'H NMR chemical shift

5C
13C NMR chemical shift

A5 Change in chemical shift

^c Correlation time

ppm Parts per million

ppb Parts per billion

Hz Hertz

Chemical formulae of carboxylic acids

Glycolic acid CH2(OH)C02
H

Lactic acid CH
3
CH(OH)C0

2
H

Mandelic acici C
5
H6CH(OH)C02H

Malic acid H02CCH2CH(OH)C02H
Tartaric acid H0

2
CCH(OH)CH(OH)C0

2
H

Citric acid H02CCH2C(OH)(C02H)CH2
C0

2
H

Malonic acid C0
2
HCH

2
C02

H
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APPENDIX C
ZIRCONIUM LACTATE SOLUTION FORMULATIONS

The formulations for zirconium lactate solutions used in the precipitation

experiments described in Chapter 4 (method C precipitation) are outlined briefly below.

The final solutions were clear with no suspended solids.

D174-1

D 179-2

•

20.0 g lactic acid (88.5%)

10mLH2O
Titrate with NH

4
OH (29.4%) to pH 7.8

Add 43.2 g ZrO(N03)2 solution (35% solution in HN0
3); titrate

simultaneously with NH4
OH to maintain pH 5-8.

Final pH: 7.13

• 50 mL 1 M lactic acid

• Add ca. 4.3 mL 30% NaOH; pH = 7.4

• Add 1 1 .0 g ZrO(N0 3)2 solution (35% solution in HN0
3);

precipitate appears;

pH=1.95
• Titrate with ca. 2.3 mL 30% NaOH; precipitate dissolves

Final pH: 7.29

203



D192-1

204

20.0 g lactic acid (88.5%)

10mLH2O
Titrate with 30% NaOH to pH 7.33

Add 38.5 g ZrOC12 solution (30% solution in HC1); precipitate appears; pH
3.23

Titrate with 30% NaOH to pH 7.5
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diamond crystals on atomic force microscopy tips in order to explore the interfacial and

friction forces between ideal diamond surfaces. During this time he also developed a

technique to refine the standard diamond seeding process, which led to a vast

improvement in the uniformity of deposited seed layers. From this research, including

the work in his MS thesis, Paul has co-authored five publications, with two more

remaining to be submitted. He has also recently been active in networking with industry,

and this year brought $30,000 of outside research funding into the materials science

department.
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Near the end of 1997 the decision was made to devote his dissertation not to the

various studies of diamond but to the chemical aspects of fracture fluid viscosity

modification. Paul had been introduced to the investigation of hydraulic fracturing fluids

while working on a research project funded by Dowell-Schlumberger in the fall of 1997.

Out of that initial work developed the focus on the chemistry of aqueous zirconium

lactate complexes, the topic that comprises the riveting chapters presented in this volume.

These areas of study, including coordination chemistry and vibrational and nuclear

magnetic resonance spectroscopy, were largely unfamiliar to him at the time, and over the

course of this research he has learned a great deal while undertaking to solve what is in

reality a rather complicated chemical puzzle. He will graduate with his doctorate in the

spring of 2001 with a 4.0 grade point average.

During the time he has pursued his graduate degrees in Gainesville, Paul has once

again met many memorable people and forged lasting friendships, both in and out of the

academic sphere. The relationships formed over the last six and a half years at the

Vineyard Christian Fellowship of Gainesville have been especially meaningful and will

no doubt endure after he leaves to find what challenges lie ahead. Paul has also had the

opportunity in Gainesville to pursue his musical interests and is grateful for the talented

musicians he has met and performed with.

While working on his doctorate, Paul met and fell in love with Tara Sicard, who

was earning her degree in nursing at the time. Both are relieved that this chapter of

Paul's academic career is finished, and look forward to the future. They will be married

in March, 2001, in Tampa, Florida.
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